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ABSTRACT
Esters of para-hydroxybenzoic acid (parabens) commonly used as universal preservatives,
para-hydroxybenzoic acid, the degradation intermediate of parabens and the common
analgesic/antipyretic pharmaceutically active ingredient, acetaminophen have been
detected in the environment around the world largely because they are inefficiently
removed by conventional wastewater treatment processes. These compounds are emerging
contaminants, thus necessitating research for an alternative treatment regimen for their
efficient removal from wastewater treatment plants effluent before discharge into receiving
water bodies. Soybean peroxidase-catalyzed reaction in the presence of peroxide at
appropriate pH was employed to treat these contaminants in synthetic wastewater with
compound removal monitored using high performance liquid chromatography. Oligomers
formed were determined with the aid of mass spectroscopy, using appropriate ionization
techniques. The parameters influencing the removal process were optimized, both for
single-compound treatment and in a mixture of the five compounds (mix-5), targeting
≥95% removal efficiency under both study conditions. Optimal pH for four single
compounds was 6.5 while that for acetaminophen was 8.0; mix-5 showed optimal removal
at pH 6.5. SBP requirement varied between 0.006 U/mL and 2.3 U/mL in the increasing
order

of

Acetaminophen<propyl

paraben<butyl

paraben<para-hydroxybenzoic

acid<methyl paraben in single-compound (1.0 mM) treatment while 1.43 U/mL was
optimal for the mixture treatment (0.2 mM each). Optimal peroxide was in the order of
propyl paraben=butyl paraben<acetaminophen<methyl paraben<para-hydroxybenzoic
acid which correspond to the peroxide-substrate ratio and ranging from 1.15 mM to 2.0
mM. Step-feeding of peroxide was able to achieve the target removal efficiency for poorly
removed single compounds and those in mix-5. Time course studies for single-compounds
showed initial pseudo-first-order kinetics for all the compounds, with the normalized rate
constants

in

the

order

acetaminophen>butyl

paraben≈propyl

paraben>

para-

hydroxybenzoic acid≈methyl paraben but followed the order of acetaminophen>butyl
paraben> para-hydroxybenzoic acid>propyl paraben≈methyl paraben in mix-5. Mass
spectroscopic analysis for single compounds showed the formation of oligomers of varying
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sizes ranging from dimers of para-hydroxybenzoic acid, to pentamers of acetaminophen,
hexamers of propyl paraben and heptamers of methyl paraben and butyl paraben. Mass
spectral analysis of mix-5 showed evidence of homo- and hetero-oligomers up to
pentamers. The results support the possibility of soybean peroxidase-catalyzed treatment
of the contaminants of emerging concern, both as single compounds and as a mixture. The
possibility of mixture treatment is important for dealing with real wastewater effluents.
These results show prospects for scaled-up processes with potential applications to
hospital, industrial and pharmaceutical company wastes where these compounds may be
predominantly found, before discharging such wastewaters to municipal treatment plants
and thence receiving water bodies.
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CHAPTER 1
INTRODUCTION
1.0 Background
Contaminants of emerging concern (CECs) are widely distributed and have been reported
across the continents of the world (Bradley et al. 2020, Fang et al 2019, K’Oreje et al.
2018). Owing to the increase in the analytical capabilities of modern analytical instruments,
this class of chemical compounds which was previously elusive can be largely detected
and quantified. Basically, these could be broadly divided into pharmaceuticals and personal
care products, (PPCPs), pesticides and industrial chemicals (Ouda et al. 2021). Since these
compounds are known, or reasonably suspected to be toxic (summarized below) but are
unregulated, this scenario creates suspicions and health associated uncertainties.
1.1 Sources of CECs in the environment
Two cardinal factors are driving the increase of CECs in surface waters, namely human
population growth and the inability of the wastewater treatment plants in removing these
compounds before the effluents are being discharged. The United Nations, Department of
Economic and Social Affairs (2019) reported an estimated global human population of 7.7
billion in 2019, and projected an increase to 8.5 billion, 9.7 billion and 10.9 billion persons
by 2030, 2050 and 2100, respectively. This implies an ever-increasing demand for PPCPs
and other related chemicals mentioned above to sustain human lifestyles and feed the
growing global community. Moreover, increasing human population translates to growing
demand on shrinking freshwater resources, partly contributed by global warming and its
attendant negative effects on global freshwater bodies.

The advances in earnings and per capita income across the world, mostly from the
developing nations has increased the PPCPs and industrial products consumption
capabilities of many individuals (Klein et al. 2018). The result is the increased demand for
processed products, of which the technological advances of the developed nations are
available to meet such demands, a major way of enhancing their economic sustenance and
growth. Hence, more industrial activities are going on, utilizing raw materials to create
finished products. Some of these raw materials are treated with chemicals which often end
1

up in the sewer lines. The production processes may also require the use of chemical
additives or modifiers in a manner to improve the desirable qualities of raw materials.
Similarly, the finished products may also contain chemical preservatives in order to
improve the shelf life of the products. For example, parabens are used as preservatives in
foods and pharmaceuticals. Pharmaceutical companies incorporating Acetaminophen in
analgesic/antipyretic formulations may tend to generate wastewater containing this CEC
in the discharge from the production process. Although industries treat wastewater before
discharge, there is evidence of exceptionally high CECs in such effluents (Kleywegt et al.
2019). All these collectively form constituents of the industrial discharges which end up in
the sewage line heading for the wastewater treatment plants (WWTPs). Since most
conventional treatment plants are unable to remove many of these compounds, they find
their way into the receiving water and create pollution.

On the other hand, the need to feed the estimated 7.7 billion humans on earth necessitates
the adaptation of mechanized agriculture as the only way to produce enough food.
Moreover, rearing animals - terrestrial or aquatic- requires the inputs of feed and health
management that calls for the application of antibiotics. This has made the application of
pesticides not just an option, but a necessity. These may create residues on plants and plant
products as well as cultivated soils, while substantial fractions may enter water bodies,
collectively tagged agricultural runoff. For animals, tissue accumulation of antibiotics (Han
et al. 2020) and PPCPs (Yang et al. 2020) in fish harvested for human consumption has
been reported, while animal droppings have also been found to be contaminated with the
pharmaceuticals and feed additives (Gros et al. 2019). Water released from aquaculture to
surface waters may also contain the residual chemicals which were administered to
enhance the health and productivity of the aquatic organisms (Han et al. 2020).
Industrial release of pharmaceutically active ingredients such as Acetaminophen to the
environment has been shown to be at concentrations above those commonly observed in
wastewater treatment plant effluent (Kleywegt et al. 2019), not to mention influents.
Similarly, hospitals which usually consume large quantities of Acetaminophen and other
pharmaceutical products of all kinds make substantial contributions to the inventory of
pharmaceuticals released into the environment (Afsa et al. 2020).
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These chemicals are primarily collected by the WWTP via the sewer system, from
manufacturing plants, hospitals, and residences. However, WWTP were by nature designed
to provide water conservation and maintain public health, and not necessarily removal of
CECs. Therefore, Acetaminophen, parabens and other CECs are often found at
concentrations of ng/L to µg/L in the WWTP effluents (Bradley et al. 2020, Ghoshdastidar
et al. 2015, Blair et al. 2013). In addition, it is also reported that agricultural runoff from
agricultural fields may contain hydrophilic CECs at concentrations comparable with those
found in WWTP effluents (Spahr et al. 2020). Both sources constitute indiscriminate
disposal of PPCPs in the environment.
Ingested pharmaceuticals may be released partly in their original parent or metabolized
forms. Any chemical in the environment may be converted to other forms by microbial
activities, photodegradation, hydrolysis or sorption onto appropriate medium. For example,
they are commonly found in the sludge of WWTPs (Heidler et al. 2006). Similarly, during
wastewater treatment, the parent chemicals may be partly converted to other products,
especially during the disinfection phase, hence forming a class of compounds generally
described as disinfection by-products (DBPs). These show the tendency of other chemicals
to arise from one parent compound, which may have different structural complexity,
concentration, persistence, toxic effects other than their by-products. Another complicating
factor associated with such intermediates is that even when their molecular structure is
inferred from modern analytical instruments such as mass spectrometry (MS) or gaschromatography mass spectrometry (GC-MS), one may only be able to do qualitative
analysis or relative quantitative estimates on them, since there may not be standards to
accurately quantify them (Bradley et al. 2020).
1.2 Effects of CECs
The effects of CECs on organisms has been widely documented (Celente et al. 2020, Yang
et al. 2020, Guiloski et al. 2017, Yamamoto et al. 2011). Either antimicrobials are causing
the development of antimicrobial resistant strains of microorganisms, there is the endocrine
disrupting effect creating intersex in fishes, tadpoles, or other aquatic organisms or biofilms
are being disturbed in a manner that alters ecological dynamics in well-established aquatic
bacterial communities. Other effects are the oxidative stress associated with some
3

chemicals. In order to elucidate these effects, the trio assessment battery of algae,
crustaceans and fish, with ascending trophic level hierarchy, have always been used in
elucidating the toxicity of CECs. Factors usually considered are environmental persistence
of a chemical and its ability to bioaccumulate in organism tissues such as muscles and
blood. Advances in molecular sciences have opened a doorway and redefined toxicity
assessment beyond the organismic level to the molecular level, which made possible the
tracking of alterations in the DNA, or abnormal expression of proteins, to studies on tissue
histology and biochemistry (Guiloski et al. 2017). These developments have substantially
helped our understanding of CECs at certain environmental concentrations which were
formerly reported as not posing any threat to organismic population (Ramos et al. 2014)
and are now being redefined (Guiloski et al. 2017). Thus, improvements to toxicity
assessment strategies coupled with environmental monitoring provide a risk framework.
The final step is removing sources by either replacement of these compounds with more
inert forms in commercial processes or enhancing removal technologies from the waste
stream. The objectives of this dissertation address the latter.
The rising body of knowledge suggesting toxic effects of CECs on the aquatic biota, and
hence the suspicion that these chemicals may also be hazardous to humans makes it
necessary for research in order to develop new and effective technologies which can
minimize the release of CECs into the receiving water bodies. These may at least conserve
the available water resources to be readily available for human use in drinking, meeting
other domestic and industrial needs, agricultural purposes and recreational activities,
without any detrimental effects on aquatic habitats and livestock and, by extension, human
beings.
1.3 Wastewater treatment technologies
Conventional WWTPs are known to operate basically with preliminary/primary and
secondary treatment stages. In the preliminary/primary treatment stage, usually employing
physical unit processes, the emphasis is to remove grit, solid suspended particles, some
organic matter, oils and grease and prepare the water for the next stage. The secondary
treatment stage uses biological treatment unit processes, which sometimes enlist chemical
addition to achieve the removal of biodegradable organic matter and suspended solids.
Most common secondary treatment processes require the use of activated sludge systems.
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Treatment is achieved through use of microbial oxidation of organic compounds, hence
enabling a partial removal of CECs depending on their characteristic physical-chemical
properties.

Different

removal

pathways

exist,

including

microbial

mediated

decomposition, sorption to suspended solids and microbial utilization as a source of
biomass development (Burch et al. 2019). Processes other than employed in traditional
primary and secondary treatment are usually described as tertiary or advanced treatment
(Quach-Cu et al. 2018).

The essence of tertiary treatment is to ensure effluents that can be safely discharged into
receiving water bodies without posing any ecotoxic threat to aquatic biota and may also be
used as a source of water for municipal supply (Angeles et al. 2020). Among the tertiary
treatment processes, advanced oxidation processes (AOPs) have received much research
attention and some pilot studies or even full-scale WWTP implementation with one or more
of such techniques in sequence (Angeles et al. 2020). The underlying common point in
AOPs is the generation of a hydroxyl radical, which attacks the CECs in a non-selective
manner and eventually mineralizes them, due to its strong oxidizing capabilities (Villegas
et al. 2016, Ribeiro et al. 2015). Different approaches employing ultraviolet (UV)
radiation, hydrogen peroxide, ozone and/or molecular oxygen have been adapted for
wastewater treatment. Some notable examples here include Fenton process, ozonation,
catalytic wet peroxide oxidation, electrochemical oxidation, heterogenous photocatalysis
and some may even be combined such as photo-Fenton process (Rizo et al. 2019). Different
approaches have been employed to generate the required hydroxyl radicals based upon
which AOPs are used may be divided into photo-chemical, chemical, electro-chemical and
sono-chemical processes (Ribeiro et al. 2015) among others.
1.3.1 Enzymatic treatment of CECs
The bio-catalytic approach to CECs treatment employs the use of either peroxidases or
laccases to produce aryl radicals of phenolic or anilino compounds which in turn couple
non-enzymatically to form dimers, and if soluble, they would return to the cycle again and
form dimer radicals which can combine in a similar manner to form higher molecular
weight oligomers. This sequence of reactions will continue each time an aryl substrate goes
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through the peroxidase catalytic cycle until the oligomer being formed becomes
hydrophobic enough to precipitate out of solution.

Peroxidases are sourced from plants, bacteria and fungi. By far the most extensively studied
peroxidase is the horseradish peroxidase (HRP), which has very high catalytic efficiency
for the conversion of its aryl substrates to oligomer products. However, it is processed from
roots of the plant which is cultivated in limited quantities, hence very expensive, making
soybean peroxidase (SBP) a viable alternative. It has a wide catalytic pH range, high
thermostability, efficiency at low substrate concentration, is very abundant as a by-product
of agricultural industry. It is sourced from the seed hulls of soybeans, a very abundant crop
cultivated en masse here in North America and other continents of the world. Moreover,
the crude extract is usually employed in this treatment process, thereby saving cost
associated with enzyme purification. In contrast with the other AOPs and other advanced
treatment processes, the superior qualities of SBP based enzymatic treatment stand out.
Although some of the AOPs (photo-Fenton, UV/TiO2, ozonation, powdered and granular
activated carbons, (PAC and GAC) have high EC removal and, in some instances, some or
strong disinfection capability, the associated drawbacks with many of them include,
production of disinfection by-products (DBPs) of unknown but suspected toxicity, high
operational costs and uncertainty of range of efficiency that can be covered (Rizzo et al.
2019). These disadvantages form the basis upon which a biocatalytic process employing
SBP can leverage upon. For instance, the primary essence of a treatment is to remove
suspected toxic ECs. However, if a process itself produces DBPs of unknown toxic nature,
then it may not be appropriate. For instance, the mineralization of acetaminophen by an
electro-Fenton process produced intermediates including 1,4-benzoquinone and 2hydroxy-4-(N-acetyl) aminophenol, compounds whose toxicity exceeds the parent
compound (Le et al. 2017).
Therefore, my research aims at using a crude extract of SBP for the treatment of five ECs:
acetaminophen, methylparaben (MP), propylparaben (PP), butylparaben (BP) and the
common paraben hydrolysis intermediate, para-hydroxybenzoic acid (PHBA). These
parabens were chosen based on their relative abundance in environmental water samples.
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Removal feasibility shall be targeted at 95% of 1 mM concentrations of single substrates
and an equimolar mixture of the five (mix-5) CECs. These choices are based on analytical
conveniences and ease of comparison with previous studies in the lab. It is recognized
subsequent study would have to extend the feasibility to much lower concentrations
reflective of obtainable situations in WWTP effluents.
1.4 Research objectives
This study intends to employ SBP in the treatment of selected emerging contaminants in
synthetic wastewater. The specific objectives are:
a). Optimization of parameters
The reaction parameters which include crude enzyme (SBP) activity, hydrogen peroxide
concentration and pH required to attain the highest removal, targeting 95% of the initial
substrate concentration will be determined
b). Determine the initial rate of removal of the CECs
The reaction time course will be determined under the optimum conditions, from which
the initial stage will be fit to a first-order model to derive initial rate constant and half-life
of the respective CECs.
c). Determine product formation in supernatant and precipitate
It is hypothesized that the reaction produces oligomers, therefore mass spectrometry (MS)
will be employed using either electrospray ionization (ESI) or atmospheric solid analysis
probe (ASAP) to determine the oligomeric products formed.
d). Mechanism of reactions
Oligomeric products are expected to be formed; therefore, the pathway of coupling will be
elucidated.
e). Carry out mixture treatment studies
In nature, CEC will exist in a mixture of other compounds, therefore the selected 5 CECs
in this study will be mixed (mix-5) and studied against objectives a – c above.
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CHAPTER 2
LITERATURE REVIEW
2.0 Viewing an ancient problem through new lenses
The absence of enough literature before now on the presence of chemical substances in our
environment does not mean an environment devoid of these pollutants. Recent advances in
analytical technologies have introduced instrumentations capable of detecting chemical
concentrations down to parts per trillion (Noguera-Oviedo and Aga 2016, Beausse 2004,
Koplin et al. 2002), existing in different and complex environmental matrices (Sedlak et
al. 2000). This has improved our awareness of the presence of chemicals which have been
there all along without our knowledge and their effects could not be ascertained, due to our
previous inability to quantify and monitor them (Noguera-Oviedo and Aga 2016). Our
knowledge of their presence in different environmental matrices and the suspicion
surrounding their effects on organisms has created an emerging concern (Philip et al.
2018). The Toxics Release Inventory (TRI), a registry of the United States (US)
Environmental Protection Agency (EPA) in 2020 added 158 chemicals to its previous
listing

(https://www.epa.gov/toxics-release-inventory-tri-program/list-pfas-added-tri-

ndaa) and further updated it bringing the listing to 767 chemicals in the inventory in early
2021. This substantiates the growing nature of information around emerging contaminants.

On a general note, it may be more appropriate then to consider such chemical substances
as contaminants of emerging concern, (CEC) which Sauve and Desrosiers (2014) defined
as natural or synthetic chemicals, which have been detected in environmental matrices, and
are reasonably suspected to elicit metabolic alterations in organisms upon contact with such
organisms. Enough information on CECs make them to be regulated. For instance, TRI
listing highlights carcinogens or chemicals capable of eliciting chronic human health
effects, or substantial adverse acute human health problems and considerable
environmental effects.
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2.1 A broad class of pollutants
CECs are known to arise from pharmaceuticals and their metabolites (Li et al. 2019, Brown
& Wong, 2018, Sanganyado et al. 2017, Maeng et al. 2011), personal care products (Xie,
et al. 2019, Juliano & Magrini, 2017, Lu et al. 2018, Galindo-Miranda et al. 2019),
artificial sweeteners (Arbelaez et al. 2015) and hormones, either natural (such as estradiol,
estriol, estrone and testosterone) or synthetic hormones (ethinylestradiol) (Barel-Cohen et
al. 2006, Weizel et al. 2018, Amin et al. 2018, Mina et al. 2018, Shargil et al. 2015,
Yarahmada et al. 2018). Other classes of CECs are flame retardants and plasticizers,
(Chokwe & Mporetji 2019, Zha et al. 2018, Shi et al. 2016), biocides, such as pesticides,
fungicides, herbicides, rodenticides, insecticides (Corcoran et al. 2020, Shalaby et al. 2018,
Zhao et al. 2018).
The disinfection of treated wastewater before discharge into the environment, mostly
employs chlorine, chloramines, or in some wastewater treatment plants (WWTPs),
ultraviolet (UV) light (Ding et al. 2013, Alvarez-Rivera et al. 2014). Chlorination and
chloramination have been known to produce compounds collectively described as
disinfection by products, (DBPs), which constitute another class of CECs. Trihalomethanes
(THMs) and haloacetic acids (HAA) are earlier identified classes of DBPs which have been
regulated in municipal water supplies, owing to established toxicity reports (Postigo et al.
2018, Narotsky et al. 2015). Like any other class of CECs, more compounds are being
identified which fit into this group (Gong & Zhang 2015, Ding et al. 2013), more so that
with varying treatment conditions, different kinds of DBPs may be identified (Zhong et al.
2019, Li et al. 2017).
2.2 Environmental burden of PPCPs
The presence of PPCP in the environment was first reported in 1976 in Kansas City, US,
where WWTP effluents were reported to have contained clofibric acid between 0.8 to 2
μg/L (Ebele et al. 2017). Since then a surge in research interest has arisen into PPCPs in
the environment (Fang et al. 2019, Noguera-Oviedo & Aga 2016), largely due to the
perceived associated ecotoxicogical effects (Celente et al. 2020, Ginebreda et al. 2014)
and perceived human health hazards (de Garcia et al. 2017, Cizmas et al. 2015) linked to
these classes of compounds. PPCPs are often found in ng/L to few mg/L in the environment
9

(Koplin et al. 2002). The physicochemical properties and environmental abundance of
some of the CECs employed in this study are listed (Tables 2.1 and 2.2) respectively

Several reports have been published on the existence of PPCPs in the environment, for
example (Ouda et al. 2021, Aryal et al. 2020, Keerthanan, et al. 2020, Ohoro et al. 2019,
Padri and Tamzir, 2019, Ebele et al. 2020 Brown and Wong, 2018, Ebele et al. 2017).
Therefore, more information can be obtained from these cited literatures.
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C8H8O3

C10H12O3

C11H14O3

PP

BP

C7H6O3

PHBA

MP

C8H9NO2

194.23

180.20

152.15

138.12

151.16

(g/mol)

Mwt

8.49b

b

8.64

a

8.17

4.54

9.38

pKa
(˚C)

Point

Melting

3.47

2.98

1.96

1.39

67-71

95-98

125-128

214-215

0.314 168-172

Kow

Log

a= Soni et al. (2005), b = Gomes et al. (2018b)

formula

formula

Acet

CEC

Structural

Molecular

Table 2.1 Physicochemical parameters of the studied CECs

309.2

294.3

280

336.2

-

(˚C)

Point

Boiling

White crystals

powder

crystalline

White

powder

crystalline

White

White powder

powder

crystalline

White

Appearance

Table 2.2: Concentrations of CECs in different environmental matrices

Matrix/compound

MP

PP

BP

PHBA

Acet

Source

Surface

49-

7.5-

10-

NR

NR

Yamamoto et

water(streams)(ng/L)

676

207

163

WWTP Effluents*

4.4-

2.80- ND-

500-

(ng/L)

41

19.3

2.10

2590

16.0- 82.0- ND-

389-

Sludge (ng/g dry wt)

172

910

1.0

Wastewater effluents

al. 2011
NR

Karthikraj et
al. (2017)

NR

31500

Karthikraj et
al. (2017)

28.9

(µg/L)*

Ghoshdastidar
et al. (2015)

*molar concentrations (nM) MP =0.03-0.3, PP =0.02-0.1, BP =ND-0.01, PHBA = 3.619 and Acet = 190
Pharmaceuticals are substances employed for diagnosis, prevention, or cure of a disease
and for restoring, modifying or correcting processes in living things (Monteiro and Boxall
2010, Daughton and Ternes 1990), and comprises at least 4000 known compounds
(Beausse 2004). Many of these have been identified in the environment across the
continents of the globe (Tran et al. 2018, Ebele et al. 2017, Cizmas et al. 2015, Howard
and Muir 2011). Between 2010 and 2016 at least 2638 different chemical compounds have
been detected in surface waters around the world and 819 of these were detected in more
than one location (Fang et al. 2019). Fang et al. (2019) categorized these chemicals under
three main groups of PPCPs, pesticides and industrial chemicals and reported more than
90% of these were detected among EU and Asian member states and the US.

2.2.1 Environmental pollutants exist in mixture
The first national study in the US surveyed 139 streams across 30 states with a bias towards
downstream points where WWTP effluent and large-scale animal husbandry activities
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were located, with a pre-set target for 95 PPCPs (Koplin et al. 2002). The study reported
82 PPCPs were detected in 80% of sampled locations, with a median of 7 PPCPs and
maximum of 38 PPCPs detected per sampling point. The commonly identified chemicals
were grouped under several classes, including fecal steroids, plant and animal steroids,
insect repellants, stimulants, antimicrobial disinfectants, fire retardants, and non-ionic
detergent metabolites. These fit into the three classes of PPCPs, pesticides and industrial
chemicals reported elsewhere (Fang et al. 2019). The frequency, lowest and highest
detection values for acetaminophen were 23.8%, 0.009 µg/L and 10.0 µg/L, respectively.
In a related recent study, Bradley et al. (2020) surveyed 308 headstreams across 4 regions
in the US, targeting 111 pharmaceuticals. From the studied locations, 88 pharmaceuticals
were identified and 91% of sampled locations had more than 1 pharmaceutical compound
present, with cumulative highest concentrations of 36.1 µg/L per site. Acetaminophen at
68% was the 5th most frequently detected pharmaceutical in the south-eastern states of the
US. The cumulative analyte concentrations were reported to have a positive correlation
with land use and presence of WWTP effluent discharge point sources, while in some cases
pharmaceutical mixtures were prevalent in 75% of streams without any upstream WWTP
effluent discharge point source. For a sampled location with very high mixture aggregate
as demonstrated in this study, synergistic or antagonistic studies need to elucidate the
effects of such mixtures on aquatic organisms. Moreover, most studies focus on parent
compounds ignoring the metabolites (Beausse 2004) or degradates that might arise from
the parent PPCPs, hence underestimating the actual ecotoxic effects (Bradley et al. 2020,
Ginebreda et al. 2014). With increased urbanization and modern lifestyle, there is no end
in view to abating the release of CECs into the environment, rather a feasible technique of
removing them from WWTPs must be devised to safeguard aquatic resources,
environmental biota and consequently humans.

2.3. Transformation of parent CECs
2.3.1 Environmental transformations
CECs are known to undergo different transformations in the environment such as
oxidation, adsorption, photolysis or biodegradation, generally taking the form of a
conjugation reaction, or a deconjugation processes (Parezanovic et al. 2019, Patel et al.
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2019, Li et al. 2016). CECs undergo attenuation along the course of flow in a river,
depending on the chemical properties of the compound and environmental characteristics
of the river. Li et al. (2016) compared the attenuation of the specific compounds between
a German river and three Swedish rivers, and reported 80% attenuation of acetaminophen
in the German river, but ≤5% and between 18-46% for two Swedish rivers, respectively.
The attenuation of CECs is determined by the characteristics of the river (depth, turbidity,
sandy sediments), sunshine and sunlight penetration which may help enhance photodegradation as well as established bacterial communities capable of degrading the CECs
(Kunkel and Radke 2012). Stability of a CEC under such factors as temperature, pH, matrix
interaction, light, humidity, also determines its transformation in the environment
(Parezanovic et al. 2019).

2.3.2. Transformation during wastewater disinfection
The chlorination of water containing parabens has been shown to produce chloroderivatives, 3-chloro-paraben and 3,5-dichloro-paraben of the corresponding parent
parabens (Mao et al. 2016). These DBPs are suspected to be more toxic than the parent
compounds (Zavala and Estrada. 2016). Since an aerobic process is often employed in
WWTP, microbial mineralization could be achieved, as in the case of aspirin, producing
water and carbon dioxide as final products (Richardson and Bowron, 1985). Yet, some
CECs are transformed into hydrophilic intermediates, which may pass through WWTPs
without undergoing further change, and end up in the receiving water bodies as surface
water pollutants (Halling-Sørensen et al. 1998). Some compounds partition into the sludge,
an occurrence Jones et al. (2005) reported is fairly correlated with the log Kow values of
the individual compounds. This demonstrates a clear situation where some poorly removed
CECs in influent wastewaters may eventually return into the environment through the
sludge or as transformed chemicals. Therefore, the disappearance of CECs from influents
along the stages of conventional WWTPs may not necessarily be removal, but
transformation and or partition into solid phase.
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2.4 Occurrence of the CECs
2.4.1 Parabens in humans – factors and occurrence
Use of parabens as food preservatives constitutes a major route of exposure, following the
consumption of such preserved foods. Total parabens in human foods is up to 16 ng/g fresh
weight, composed mostly of MP, EP, PP and minute concentrations of BP and benzyl
paraben (BzP) (Karthikraj, et al. 2018). In the US, the estimated daily dietary intake of
total parabens is in the order of infants (< 1 year old) > toddlers (1-6) > children (6-10)>
adults (more than 21) > teenagers (11-21) and corresponds to the orders of: ( 940, 879, 470,
307 and 273) ng/kg bw/day, respectively (Liao et al. 2013a). Indoor dust could also be
another source of human exposure to parabens (Table 2.3). Since the concentration varies,
it is also expected the estimated daily intakes will vary as well. Children are more
susceptible to PBs intake from inhalation and dermal absorption (Table 2.3) due to their
relatively lighter skin membrane and the subcutaneous tissues.
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Table 2.3 Concentration (ng/g of indoor air) of PB in indoor air and estimated daily intakes
(ng/kg bw/day)

Country

Compound/concentration (ng/g)
MP

EP

PP

BP

PHBA

US

587

22

640

20

76

China

226

8.9

123

1.5

1130

Korea

1380

49

761

49

275

Japan

1670

91

268

42

33

Estimated daily Intakes of parabens from breathing (ng/kg bw/day)
US
Children
Adults
China
Children
Adult
Korea
Children
Adult
Japan
Children
Adult

1.40
0.22

0.05
0.08

1.52
0.24

0.05
0.007

3.32
0.52

0.53
0.11

0.02
0.004

0.29
0.06

0.004
0.007

0.98
0.20

3.24
0.66

0.12
0.02

1.78
0.36

0.11
0.02

5.42
1.11

3.90
0.86

0.21
0.047

0.63
0.14

0.10
0.02

5.38
1.18

*source: Wang et al. (2012). Children (4-11 years), Adults (>21 years)

There is a strong positive correlation between gender, PPCPs use, and age on urinary total
parabens concentrations (Fisher et al. 2017, Meeker et al. 2013, Wang et al. 2015). The
most important factor determining the distribution of parabens among humans being
gender (Smith et al. 2012). Moos et al. (2014) reported the highest levels of parabens were
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detected in females of all ages, compared to males of similar ages. In a cross-sectional
study in the US, female adolescents had at least 3 times higher total urinary parabens than
their male counterparts (Scinicariello and Buser 2016). This is due to the behavioral
differences associated with the genders. Most females may opt for a range of lotions and
cosmetics which have been implicated in increasing urinary paraben concentrations
(Meeker et al. 2013). For instance, BP is especially higher in women who have reported
use of shampoo and conditioners than women who did not (Fisher et al. 2017).
Parabens have been identified in human urine and breast milk (Fisher et al. 2017, Meeker
et al. 2013), placenta fluid (Fernandez et al. 2015), human adipose tissue (Wang et al.
2015), serum (Hines et al. 2015), normal and cancerous breast tissue (Shanmugam et al.
2010), as illustrated in Table 2.3. Parabens are the most abundant environmental phenolics
present in adipose tissue (Wang et al. 2015) arising from environmental exposure such as
indoor dust inhalation (Wang et al. 2012), consumption of foods (Karthikraj et al. 2018,
Liao et al. 2013a) and PPCPs (Melo and Queiroz 2010) preserved with parabens. They
have been observed to accumulate in urine as conjugated substances in less than 24 hours
following dermal application and decline steadily thereafter (Fisher et al. 2017) in a manner
portraying ease of dermal absorption and rapid metabolism of the parent parabens (Liao et
al. 2013). Oral administration of PP in humans showed rapid absorption and elimination
within three hours producing metabolites such as glucuronide and sulphate conjugates,
PHBA, and para-hydroxyhippuric acid and the unconjugated parent compound in urine
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(Shin et al. 2019). Oral administration at a dose of 0.6 mg/kg body weight produced urinary
excretion of 8.6% of free and conjugated PP, 23.2% of p-hydroxyhippuric acid, while
PHBA accounted for 7.0% (Shin et al. 2019). The intermediate of parabens metabolism,
PHBA at 17,400 ng/g wet weight, has been detected in adipose tissues in quantities
surpassing total paraben concentration in similar tissues, evidently showing PHBA is
counter-intuitively retained in human adipose tissue (Table 2.3) (Wang et al. 2015). Since
the epidermal covering tissue hosts esterase producing bacteria, this esterase facilitates the
hydrolysis of the parabens releasing PHBA, which could be absorbed through the
epidermal cortex to accumulate in the adipose tissue.
Although parabens are used as a mixture in preparations, their presence in human tissues
and urine varies substantially, albeit in direct reflection to the concentration used in PPCPs.
Commonly detected parabens include MP, EP, PP and BP. Among human subjects, Meeker
et al. (2011) reported a prevalence rate of 100%, 92% and 32% of MP, PP and BP,
respectively in urine samples with a positive correlation between MP and PP, in the
sampled population. A similar positive correlation between MP and PP was observed in a
Chinese study (Wang et al. 2013). This can be traced to the co-formulation of MP and PP
in products to enhance effective antimicrobial activity. A survey of 2548 samples in the
US in 2005-2006 showed the occurrence of commonly observed parabens ranked in order,
as MP, PP, BP and EP by 99.1%, 92.7%, 47.2% and 42.4%, respectively (Calafat et al.
2010). However, in a German study, the predominant urinary parabens were in the
descending order of MP, EP, PP and BP (Moos et al. 2014).
As adjudged from Table 2.4, the burden of human exposure to paraben cuts across several
continents. Though urinary levels may differ depending on several factors, it is obvious
exposure is a common phenomenon and, social class does not create a consumption divide
among members of the populace (Fisher et al. 2017, Xue et al. 2015). Of all the matrices,
urine is the most effective in determining the presence of free and conjugated parabens in
humans because it is subjected to show very high detection rate for the target compounds
and provides the highest and reproducible detection, unlike breast milk and serum (Hines
et al. 2015).
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The EU directive for parabens use in cosmetics allows an upper limit of 0.8% by weight
for total parabens, while for MP and EP the upper limit is capped at 0.4%; 0.19% is the
recommended upper limit for the sum of PP and BP (SCCS 2011). However, the Danish
government in consideration of the endocrine disruption effect of PBs prohibited the use
of normal and isomers of PP and BP in products intended for children under 3 years of age
(EU 2011). A survey of products in the EU showed adherence to this, but also observations
of PBs use without appropriate quantity labelling was reported (Melo and Queiroz 2010).
Urinary presence of parabens in pregnant women and breast milk has been summarized in
Table 2.4. Since the predominant PBs in the foregoing are MP and PP, removal of these
warrants further study along with BP as a representative of the longer alkyl group PBs. An
effective alternative method to address their treatment will help keep our environment
clean.
2.4.2 Acetaminophen in the environment
As an antipyretic and analgesic drug of first choice (Perumalla et al. 2012) Acetaminophen
is consumed among an estimated 30 million people around the world each day (Ding et al.
2020) since it is largely tolerated among humans with very little side effects. It is also one
of the commonly abused drugs (Tran et al. 2018). Due to this large daily consumption and
even abuse, it is not strange it is among the top 10 most frequently detected pharmaceuticals
from different study locations around the world (Bradley et al. 2020, Ebele et al. 2017,
Koplin et al. 2002). Although acetaminophen has a short half-life (Yamamoto et al. 2009),
its continuous replenishment from WWTPs effluent, and release from other methods of
fecal material disposal makes it to pseudo-persist in the environment (Laurentiis et al.
2014) in a manner that raises suspicion over its possible toxic health effects on aquatic
organisms and the environment.

Acetaminophen have been detected in surface water, ground water, WWTP effluents and
even drinking water samples (Ebele et al. 2020, Bradley et al. 2020, Kleywegt et al. 2019,
Archer et al. 2017, Ghoshdastidar et al. 2015) worldwide (Tran et al. 2018). In WWTP
effluents, Ghoshdastidar et al. (2015) reported 28.9 µg/L of the CEC in Nova Scotia,
Canada. Ebele et al. (2020) examined the concentration of acetaminophen in surface water,
ground water and treated drinking water in Lagos, Nigeria and reported concentrations
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were between 1-12430 ng/L, 1-188 ng/L and 1-11 ng/L, respectively for the three sources
of water they sampled. Similarly, Archer et al. (2017) studied effects of WWTP discharges
on the receiving water and reported a steep concentration gradient of 20.8 ng/L and 63.7
ng/L, between upstream and downstream, respectively, of the discharge point source. Petrie
et al. (2014) have reported the WWTP effluent acetaminophen concentration range of <2011733 ng/L and surface water concentration of <1.5-1388 ng/L.

Pharmaceutical

companies may appear to the highest sole contributor of Acetaminophen to receiving
waters. Kleywegt et al. (2020) surveyed several wastewater effluents released from
pharmaceutical industries in Ontario, Canada and reported the concentration of
acetaminophen to be 136,506 ng/L and downstream concentration of the chemical in the
receiving water body was found to be between 74,700 – 94,700 ng/L. Based on these
findings, it was recommended pharmaceutical companies should improve on the treatment
of their wastewater effluents before discharge. The availability of alternative treatment
technologies as articulated in this study will be helpful especially to such companies which
release high quantities of pharmaceutically active CECs which may be harmful to
microbial organisms employed during biological treatment of wastewater.

2.5 Effects of the CECs in humans and aquatic organisms
The use of parabens in PPCPs has remained a controversial topic to date (Barabasz et al.
2019) owing to safety concerns. This is because some observed effects in animal models
are not noticed in humans (Nowak et al. 2018). Paraben use in adult males does not affect
human serum testosterone levels nor semen quality parameters (Scinicariello and Buser
2016) whereas BP is strongly implicated in facilitating sperm DNA damage (Meeker et al.
2011). However, in male rat models, in utero and during lactation, exposure to BP causes
a significant decrease in serum testosterone, reduced sperm count as well as daily sperm
production in a dose-dependent manner, at doses of 400 mg/kg/day and 1000 mg/kg/day
(Zhang et al. 2014). Moreover, parabens initiate estrogen and progesterone production
via the estrogen receptor alpha (ER-α), a phenomenon which depends on concentration and
alkyl chain length, in a GH3 rat pituitary cancer cell line (Vo et al. 2011). When tested in
cell culture broth at 250 µg/mL and 500 µg/mL, parabens caused chromosomal aberration
and DNA damage in human lymphocytes in vitro (Bayulken et al. 2019). Environmental
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concentrations of MP obstruct human neutrophil oxygen-dependent functions which could
affect human innate immune responses upon exposure to xenoestrogens (Nowak et al.
2020). For aquatic organisms, paraben mixtures strongly inhibit bioluminescence in
Aliivibrio fischeri more than individual compounds at similar concentrations, and elicit
strong toxicity to Daphnia magna, at concentrations at least four-fold higher than average
environmental concentrations (Lee et al. 2018). This illustrates the synergistic effect of
PB mixtures on the model organism. Zebrafish (Danio rerio) embryos exposed solutions
of MP at sub-lethal doses of 10 ppb and 100 ppb demonstrated reduced hatchability and
heart rate, besides reduced acetylcholinesterase (AchE) activity (Raja et al. 2019). MP
affects growth, reproduction and survival of several soil micro-organisms at concentrations
above 22 mg/kg dry soil (Kim et al. 2018).

While it is obvious these compounds pose a threat due to their molecular interaction with
human cells and aquatic organisms, many have argued the concentration needed to elicit
an observable physical effect is too large compared to the concentrations used in PPCPs
and as detected in environmental matrices. A comprehensive review of the toxicity of
parabens has been covered elsewhere (Jamal et al. 2019, Barabasz et al. 2018, Nowak et
al. 2018, Darbre and Harvey 2008).
Acetaminophen toxicity in humans is associated with liver injury and renal impairment at
when overdoses are taken (Vrbova et al. 2016). It is the most common cause of acute liver
failure in the US (Ramachandran and Jaeschke, 2018). However, because the doses at
which toxicity is noticed in humans are very high (Vrbova et al. 2016) human exposure
will not be considered here, but effects on named aquatic organisms will be reviewed.
The occurrence of acetaminophen in aquatic environments raises the concern of its toxicity
to the inhabiting organisms and consequently the established aquatic food chain.
Improvements in molecular assays have moved toxicology to molecular assessment, where
exposure can be monitored beyond whole-organism responses, as previously obtainable.
For instance, Ayabahan et al. (2020) demonstrated biomarkers identified and quantified
with the help of proteomic tools could be useful in providing strong evidences to establish
and distinguish between hepatic toxicity and endocrine disruption, based upon which risk
assessment decisions could be established. Ding et al. (2020) reported at 50 µg/L,
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Acetaminophen induced upregulation of genes associated with detoxification and
metabolism and altered several physiological parameters in the model invertebrate
Daphnia magna. At 250 ng/L, Rhamdia quelen were observed to have reduced testosterone
levels, while at 2500 ng/L, the fish displayed increased estradiol levels and reduced
hemoglobin and hematocrit values (Guiloski et al. 2017). Choi et al. (2019) reported at 30
µg/L, acetaminophen altered the histological parameters in exposed rain bow trout kidney
and gills, caused poor resorption of ions, and lowered oxygen consumption. Therefore,
while effluents from WWTPs may be considered to be lower than the levels based upon
which toxic effects were reported (Archer et al. 2017), increased water concentrations due
to discharges from pharmaceuticals pose threatening health effects, being detected in
concentrations higher than those reported for eliciting aquatic toxic effects (Kleywegt et
al.2019).

2.6 Environmental transformation of phenolics
Phenolics undergo several changes in the aquatic and soil environments such as
adsorption/absorption, bioaccumulation, biotransformation and oxidation/reduction (Zhou
et al. 2019). Of these transformation pathways, the most substantial in the aquatic/soil
environment are microbial transformation and an interplay of abiotic factors as illustrated
by the action of chromophoric dissolved organic matter (CDOM) (Parezanovic et al. 2019).
Biotransformation is usually occasioned by microbial communities inherent in the
respective environments in a way that degrades phenolics to lower molecular weight
intermediates and/or oligomerizes them.
2.6.1. Biotransformation of phenolics – the example of acetaminophen
Figure 2.1 shows the proposed biotransformation pathway for acetaminophen by Lang et
al. (2016). At lower concentrations (26.5 µM), it predominantly formed dimers and trimers
by oxidative coupling via C-C bond formation between carbon atoms ortho to the hydroxyl
group. Contrariwise, higher concentrations (530 µM) yielded lower proportions of the
oligomers, while para-aminophenol was predominantly formed. Other intermediates
observed from the degradation pathway include p-benzoquinone imine, p-benzoquinone,
1,4-hydroquinone, 3-hydroxyacetaminophen, 1,4-benzoquionone, 1,4-dimethoxybenzene,
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4-methoxyphenol, 2-hexenoic acid, hydroquinone, N-acetyl-p-benzoquinone and pacetanimide. (Liang et al. 2016, Zhou et al. 2017, Li et al. 2017). The toxicities of paminophenol and p-benzoquinone are more than the substrate (Bedner and Macrehann
2006, Harada et al. 2008), which leaves much room for concern over the safety of aquatic
organisms and the microbial community where the biotransformation occurs. Also, the

Fig.2.1: Proposed mechanism for transformation of acetaminophen in soil (Adapted from
Liang et al. 2016).
possibility of uptake of these transformation by-products into plants cultivated on such
contaminated soils may result in the bioaccumulation, and subsequent transfer to higher
organisms (Pam et al. 2014). Liang et al. (2019) reported the decline in microbial count
following biotransformation of large concentrations of acetaminophen.
Biotransformation of acetaminophen in water and soil is affected by soil type,
seasonal/spatial variations, pH, intensity of solar radiation and concentrations of
acetaminophen present in the environment (Liang et al. 2016, Zhou et al. 2016, Li et al.
2017). The transformation was observed to be 8.9%, 17.0% and 15.4% for medium loam,
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sandy clay and silty clay soils, respectively (Li et al. 2014). Zhou et al. (2019) reported
varied microbial community structures between different lakes; season of the year under
consideration and even time of the day when the water was drawn for microbial analysis.
They also observed high solar radiance affected the rate of microbial biotransformation of
acetaminophen, which might be through the production of colored dissolved organic matter
(CDOM), whose higher production rate with high solar radiance may exert a lethal effect
on the microbial community. However, Song and Jiang (2020) reported enhanced
microbial (Treponema, Magnetospirillum and Aspergillus) growth which favored
degradation of organic matter following solar irradiation. Liang et al. (2016) reported three
species of bacteria linked to acetaminophen biotransformation in soils, while fifteen
bacterial and fungal species were characterized from different lakes studied in China (Zhou
et al. 2019) and linked to the biotransformation of phenolics.
The rate of removal may vary from one location to the other, because the prevailing
environmental factors may not be similar amongst locations. Transformation studies have
been reported at 70 hours (Zhou et al. 2019), 11 days (Zhang et al. 2016) and even 120
days (Li et al. 2013), with varying degrees of removal. Acetaminophen is classified as a
low persistent CEC and has a dissipation time for 90% of its initial concentration (DT90)
for 11 days in water/sediment compartments (Löffler et al. 2005).
2.6.3 Environmental transformation of phenolics through CDOM
Dissolved organic carbon (DOC) is a usual feature of surface waters and is predominantly
made up of allochthonous organic matter described as chromophoric dissolved organic
matter (CDOM). CDOM consists of 50-90% humic substances, lignin and plant pigments
which are biologically recalcitrant but can be degraded through photochemical reactions
releasing inorganic carbon, nitrogen and phosphorus besides low-molecular weight organic
compounds (Vähätalo 2009).

Solar radiation initiates both photosynthetic activities in plants and photodegradation
reactions on the incident environment. Photodegradation may proceed either through the
direct absorption of solar radiation, or indirectly through highly reactive chemical species
such as free radicals and electronically excited molecular species (McNeill and Canonica
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2016). Effecting solar radiation ranges are primarily the photolytic UV and short
wavelength visible radiations, approximately 290-500 nm (Vähätalo 2009, Faust and
Hoigne 1987).
Zhou et al. (2019) surveyed the origin and chemical reactivity of different sources of
3

CDOM* and classified them into high-energy triplet states (>250 kJ/mol) and low-energy

triplet states (<250 kJ/mol). The former were found to be associated with the
autochthonous-origin dissolved organic matter, effluent and wastewater organic matter
while the latter originated from terrestrial dissolved organic matter. The efficiency of
3

CDOM* formation is independent of DOC concentration but is strongly related with the

source of DOM, as algal and microbial DOM tends to show higher quantum yields, while
the rate of light absorption, depends on the quantity of DOC (McCabe and Arnold 2017),
which is in agreement with basic principles. Differences based on source properties,
quantum yield, molecular weight contribution, aromaticity of composite heterocyclics,
optical properties have also been reported (Marchisio et al. 2015, Su et al. 2015, Loiselle
et al. 2012, Bracchini et al. 2010).
Upon solar irradiation, CDOM absorbs a photon to become excited, forming the singlet
state of excited CDOM, (1CDOM*) which is converted to the 3CDOM*, either through
oxygen-dependent deactivation or oxygen-independent deactivation (Figure 2.2.). At
oxygen-saturated surface water levels, oxygen dependence dominates over oxygen

Fig. 2.2: Mechanism of 3CDOM* generation and quenching. Quenching of 3CDOM* is
either (a) oxygen-dependent or (b) oxygen-independent; (c)singlet oxygen relaxes to
molecular oxygen; (d) phenol is oxidized to phenoxyl radical
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independence leading to the production of singlet oxygen 1O2 (Golanoski et al. 2012) which
undergoes unimolecular deactivation to become molecular oxygen, O2. The pollutanttransformation effect of 3CDOM* is exerted by either electron transfer or energy transfer
(Zhou et al. 2017).
Several compounds, derivatives of phenol and aniline, are susceptible to environmental
transformation through 3CDOM*, a comprehensive list of which was reviewed (McNeill
and Canonica, 2016). Milstead et al. (2018) reported the indirect photolytic degradation
of 2,4-dibromo-17 β-estradiol (diBrE2) facilitated substantially by surface water 3CDOM*
as the intermediate. Phenolic transformation proceeds largely (>65% of initial
concentration, with 24% degraded by direct photolysis) via a 3CDOM* mediated pathway,
producing phenoxylphenol, dihydroxybiphenyl, and other lower molecular weight
monomers (Li et al. 2017), Figure 2.3. A similar reaction pathway and intermediates were
reported elsewhere (Chen et al. 2018). The half-life of the reaction which varies with the
kind of 3CDOM* used was 6.7 – 17.5 h. Although reactive oxygen species (ROS) such as
1

O2, HO•, O2- were present, their combined chemical transformation effect on

acetaminophen was minimal, and the rate of the reaction was dependent on the amount of
dissolved oxygen present. It was also reported elsewhere (Loiselle et al. 2012) that HO• is
less likely to play a significant role in photo-transformation. Consequently, any factor that
reduces the presence of dissolved oxygen in surface water may lead to decreased rate of
removal of phenolic contaminants (Golanoski et al. 2012).
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Fig. 2.3: Proposed initial step in the indirect photodegradation of acetaminophen in NOM
-enriched solutions modified from Li et al. (2017). (Note: NOM is used here to retain the
originality of the author’s presentation).

The pathway shown above follows the pattern of the general sequence of reactions
presented in Fig.2.2. The regeneration of CDOM (NOM) in the surface water is to ensure
the continual replenishment of the reactant, in order to foster the photochemical
transformation process.
2.7 Brief overview of conventional wastewater treatment processes
A wastewater treatment plant is a set of sequential unit operations where influent
wastewater moves through the respective process units, receives treatment and then
discharged as effluent. The aim of a WWTP is to produce water that meets acceptable
environmental discharge standards (Saleh et al. 2019, Bustillo-Lecompte et al. 2016, US
EPA 1998) into receiving water bodies. Quality standards are set based on physicochemical parameters such as pH, chemical oxygen demand (COD), biochemical oxygen
demand, (BOD), BOD incubation at 20 oC for five days (BOD5), total suspended solids
(TSS), total nitrogen (TN), ammonia expressed as NH4+ and NH3, and total phosphorus
(Liu et al. 2019, Metcalf and Eddy 2014). Above a threshold presence of these parameters
show positive correlation with toxicity of WWTP effluents (Ma et al. 2016). The lack of
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regulatory parameters for the existing array of organic compounds in the effluents further
underscores the omission of discharge standards for this class of pollutants.

Conventional wastewater treatment goes through three stages of treatment, namely
screening or pre-treatment, primary treatment and secondary treatment. The secondary
treatment stage mostly employs activated sludge because it produces effluent that meet
regulatory standards at reasonable operating and maintenance costs (Jelic et al. 2012).
Wastewater effluents arising at the end of the last treatment stage, constitutes the focus of
our research work, since this point serves as the gateway through which all unremoved
CECs present in sewage enters the environment.

2.8 Advanced Oxidation Processes (AOPs)
Although natural degradation of phenolics (CECs) occur in the environment, the process
is so slow to remove a majority of the dissolved CECs in a manner to sustain environmental
health, considering the half-lives of the CECs, the pseudo-persistence and the effluent
concentrations emanating from conventional WWTPs. This calls for an artificial process
to improve the rate of conversion making AOPs an important option to explore.
AOPs are chemical reactions that produce strong oxidants, hydroxyl radicals (.OH) or
sulphate radicals (SO4.-) which are able to oxidize refractory organic pollutants, to
intermediates such as carboxylic acids, carbon dioxide and halide ions (Bartolomeu et al. ,
2018, Salimi et al. 2017). Radicals have unpaired electrons and react with aromatic
pollutants by addition to unsaturated bonds and aromatic rings, abstraction of hydrogen
from aliphatic carbons and electron transfer (Bauer and Fallman 1997). AOPs were initially
employed for the treatment of drinking water in the 1980s, however their application has
increased over the years to cover wastewater treatment (Deng and Zhao 2015, Glaze 1987).
Theoretically, pollutants are degraded without creating a secondary waste stream requiring
any further treatment, thereby minimizing the operational process cost, in contrast to other
processes such as adsorption, stripping and ion exchange (Fast et al. 2017, Metcalf and
Eddy 2014).
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Common approaches employed in AOPs include ozone, Fenton chemistry, and hydrogen
peroxide (Fast et al. 2017), and some of these have been employed in the treatment of
CECs such as parabens: ozone (Pipolo et al. 2017, Tay et al. 2010), ozone/UV and
ozone/UV/ZnO (Asgari et al. 2019), UV and UV/H2O2 (Bledzka et al. 2012, Hansen and
Anderson 2012). Others are photo-Fenton and Fenton (Orak et al. 2017, Lucas and Peres
2015) and electrochemical oxidation (Bosio et al. 2020, Steter et al. 2014a, Steter et al.
2014b)
Among the AOPs used in pollutant degradation, some are employed in concert with
synergistic effect yielding a higher removal efficiency than application of an individual
AOP (Cuerda-Correa et al. 2016, Xiao et al. 2015). Therefore, some of these AOPs are
discussed in the subsequent headings.
2.8.1 Ozonation
Ozone is a very strong oxidant (next only after fluorine and persulphate) with an oxidation
potential (Eo = 2.07 eV) higher than that of hydrogen peroxide (Eo = 1.78 eV) (Oyama
2000). This thermodynamically unstable molecule undergoes exothermic decomposition
releasing molecular oxygen. At 25 oC, it is more soluble in water than oxygen and capable
of oxidizing a wide range of organic compounds. These properties of ozone have made it
a candidate of choice for single use or in combination with other AOPs. Ozone, chlorine,
and chlorine dioxide are the common oxidants for the treatment of organic compounds in
water treatment plants (Tay et al. 2010).

The use of ozone in the oxidation of phenol in industrial wastewater was reported several
decades ago (Niesgowski 1953) where initial pH adjustment to basic conditions, between
pH 10 – 12, was ideal for highest phenol removal. Under acidic conditions, ozone oxidizes
phenol producing an ortho-hydroxylated product, catechol, besides hydroquinone and
resorcinol (Oputu et al. 2020, Oyama 2000). The fate of the initial intermediates is pH
dependent. Under acidic conditions, the formation of three- and four-carbon chain length
acids (acrylic, maleic, fumaric, tartaric, mesotartaric) is favored (Oyama 2000). However,
at basic pH, oligomerization of phenol and catechol is favored, forming dimers, trimers
and tetramers (Oputu et al. 2020, Chrostowski et al. 1983).
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Ozone treatment is a preferred option especially where industrial wastewater cannot be
treated biologically due to high concentrations of toxic substances which hamper microbial
survival and growth (Forero et al. 2001).
According to Tay et al. (2010), ozone-Fenton based treatment of parabens produced at least
twenty degradation by-products (DBPs) through two broad pathways: hydroxylation of the
aromatic ring and/or ester chain, producing han array of hydroxylated derivatives of the
corresponding paraben while the degradation pathway produced majorly PHBA and
hydroquinone. The pH-dependent process, with optimal removal at pH 12 employed ozone
bubbled into a stirring reaction matrix over an hour reaction course. The rich cocktail of
products was not subjected to toxicity screening to ascertain the safety of the degradation
by-products formed, thereby providing no information on the toxicity or otherwise of the
products compared against the starting material, leaving an obvious knowledge gap.
The use of ozonation alone may not achieve the desired complete removal of the target
pollutants. To make up for this lapse, larger doses of ozone may be required (Martins and
Quinta-Ferreira, 2009) thereby increasing the cost of the process. To make up for this
shortcoming, the combination of ozone and other substances, such as a heterogenous
catalyst that facilitates the production of large amounts of hydroxyl radical in a process
called catalytic ozonation, creates a synergistic approach that enhances attack against
aromatic pollutants (Gomes et al. 2018, Xiao et al. 2015) thereby improving overall
pollutant removal. In a heterogenous Fe-catalyst based ozonation process, 32% and 79%
total organic carbon (TOC) removal was achieved with Fe-catalyst alone and Fe-catalyst
combined with hydroxyl radical, respectively; an enhanced removal due to the formation
of Fe-O-OH on the surface of the catalyst (Li et al. 2018b). In the use of ozonation alone
and catalytic ozonation employing volcanic rocks, Gomes et al. (2018) reported the
degradation of MP, EP, PP, and BP follow a similar pattern both in ozone requirement,
time and product formation. With 123 mg/L and 55 mg/L for single- and catalyticozonation, respectively, complete removal of initial 9 mg/L MP was attained within two
hours at 25oC. The major reaction products were hydroquinone and hydroxylated
derivatives of benzoic acid (Gomes et al. 2019, Gomes et al. 2018). This implies a
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complete removal of the parent parabens, but an accumulation of transformation products.
Catalytic and photocatalytic ozonation also lowers the toxicity of the products formed by
improving mineralization of parabens (Gmurek et al. 2019, Marquez et al. 2014) further
underscoring its environmental importance. Different reaction times have been recorded
for the highest attained pollutant removals recorded, ranging from 30 min to several hours
(Gmurek et al. 2019, Zhao et al. 2019, Li et al. 2018b).
Failure to achieve complete mineralization, production of hydroxylated DBPs and other
aromatic derivatives, and often lack of toxicity assay leaves the reader in doubt as to the
safety of the effluent after treatment. Moreover, varying the catalyst combined with ozone
also alters the transformation products formed and the degradation pathways on a similar
paraben substrate (Gmurek et al. 2019. In addition, assessing the toxicity of the products
formed depends on the species of the test organism since individual organisms have
different tolerance or response to toxic agents (Gomes et al. 2019), hence the need to
maintain uniform assays to provide easy comparison of results.
Comprehensive reviews of applications of heterogenous photocatalytic ozonation in
wastewater treatment, reaction mechanisms, economics of the process and future
perspectives on this growing technology have been provided elsewhere (Xiao et al. 2015,
Nawrocki 2013)
2.8.2. Fenton and Electro-Fenton (EF) AOPs
Fenton processes are based on the use of hydrogen peroxide as the oxidant and soluble Fe2+
ions as the catalyst usually at low pH, between 3 and 4, to enhance iron solubility and
consequently maximize yield of hydroxyl radicals (Roudi et al. 2018, Tony and Bedri
2014, Chang et al. 2008). The low-pH dependency of the Fenton-reagent makes it unfit for
use in natural environments without pH adjustment, dividing the process into oxidation in
acidic pH and coagulation in alkalinic conditions (Cavillini et al. 2015). pH adjustment
adds another dimension to the cost of treatment, further making the process less appealing
for industrial applications.The Fenton reaction involving the formation of hydroxyl radical
and other ions proceeds thus:
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Fig. 2. 4: Fenton reaction scheme (Raoudi et al. 2018, Deng and Zhao 2015).

The decomposition of hydrogen peroxide facilitated by ferric ion produces hydroxyl radical
(reaction I above). The Fenton reagent (ii and iii) scavenges the hydroxyl radical formed.
Therefore, the molar ratio of the hydrogen peroxide and iron ion need be experimentally
determined to provide the needed concentration that will effectively oxidize the target
organic compounds and minimize undesired scavenging activities of the formed hydroxyl
radical. The reduction of Fe3+ to Fe2+ in (ii) proceeds with a rate constant of 0.001-0.01 M1 -1

s , several orders of magnitude less than (i) (76.0 M-1s-1) (Nogueira et al. 2007), thereby

imposing kinetic constraints for Fe2+ formed to take part in the Fenton process. The Fe3+
therefore constitutes a sludge under the conventional treatment conditions. The sludge must
be removed and disposed of, increasing the cost of the treatment process and complexity.
According to the Fenton reaction scheme, modified systems can fit into and improve on
the traditional process. These include photo-Fenton process, where applied UV irradiation
improves on the reduction of Fe3+ to Fe2+ (Dominguez et al. 2019, Zuniga-Benitez et al.
2018, Lucas and Peres 2015). In the electro-Fenton process, an electrochemical approach
is employed to generate either or both of the Fenton reagents (Rosales et al. 2018, Steter et
al. 2018). In the Fenton-like process, the series of reactions begin with (ii), instead of
starting with (i) (Deng and Zhao 2015) employing hydrogen peroxide and other cations
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such as Co2+, Mn2+ and Cu2+ (Pereira et al. 2012). Some of these applications are
considered below in respect to the target CECs under study.
According to Steter et al. (2018), solar photoelectro-Fenton (SPEF) boron-doped diamond
(BDD) produced a complete removal of MP, EP and PP in a real urban wastewater at 3
hours and attained 66% mineralization in 4 hours, with a great energy conservation
efficiency. Formation of chlorinated DBPs was minimized since active chlorine use was
minimal while DBPs at the end of the treatment were malic, formic and oxalic acids (Steter
et al. 2018). The combined use of graphite and between 25-30% iron content in composing
a cathode material for an electro-Fenton process produced between 95-100% removal of
MP in 30 minutes and a 98.7% reduction in total organic carbon (TOC) content in 120
minutes (Rosales et al. 2018). The pseudo-first order process had optimal conditions at 100
mA and pH 3, and showed several hydroxylated intermediates were formed before eventual
cleavage of the ring, yielding acids (Rosales et al. 2018).
In three hours of reaction time, parabens treatment by UV irradiation alone removed
between 27 and 38% of initial parabens, while the combination of UV/H2O2 improved
removal efficiency to 62-92 %. The Fenton reagent alone was not an effective treatment
option at the pH of PBs in aqueous solution wherein the experiment was conducted (Lucas
and Peres 2015). Butyl paraben was most susceptible to degradation when UV/H2O2 and
UV/H2O2/Fe2+ were combined and PP was least susceptible under similar conditions
(Lucas and Peres 2015).
Within the first hour of acetaminophen mineralization by EF, 1,4-benzoquinone,
benzaldehyde and benzoic acid intermediates were produced and caused V. fischerii
inhibition by 100% (Li et al. 2016). However prolonged reaction time of 8 hours enhanced
mineralization of the toxic intermediates thereby reducing the toxicity of the reaction
matrix, relative to the initial toxicity (Li et al. 2016). The production of such intermediates
more toxic than the starting material shows the limitations of the EF process in treating
acetaminophen. Although the aromatic intermediates are further mineralized to smaller
organic acids, their risk in the process cannot be overlooked.
A combination of Fenton and other AOPs produces high pollutant removal efficiency,
however the cost of the process, effects of the chemicals on the materials, ecotoxicity
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implications of the DBPs formed, handling the sludge formed are some of the drawbacks
of the process.
2.8.3 Electrochemical oxidation as an AOP
The application of electrochemistry in the treatment of contaminated water has taken either
of two approaches, electric current based generation of reactive species and direct anodic
oxidation. Among these, the latter yields very poor removal efficiency and is rarely chosen
(Martinez-Huitle and Andrade 2011), hence the former will be considered. Mechanisms of
the reactions, heterogenous applications, intermediates formed and feasibility of this AOP
have been reviewed (Ganiyu et al. 2018, Martinez-Huitle and Andrade 2011).

The degradation of MP by electrochemical oxidation (ECO) and sonolysis, or both, showed
the synergistic effect leads to higher removal and mineralization efficiency on MP (Steter
et al. 2014b). Up to 60% of initial 100 mg/L MP was mineralized in 120 minutes at pH 5.7
using ultrasound at a frequency of 20 kHz and 523 W cm-2, with highest synergistic effect
observed at 35 oC and a current input of 10.8 mA cm-2. In another study, 10 mg/L each of
MP, EP, PP, BP and BzP were completely removed in 10 minutes under optimized
conditions using a current density of 12.5 mA cm-2, NaCl electrolyte at 3.0 g/L and the
final effluent showed no neurotoxicity as when compared against untreated samples (Bosio
et al. 2020), showing the ability of these conditions to treat PBs contamination.
In another development, stainless steel electrodes supplied direct current densities of 9.5
mA cm-2 and tested at pH 3, 5, 7 and 9 demonstrated optimal removal of 10 mg/L of
acetaminophen at 540 minutes (Zavala and Estrada 2016). An array of oxidation products
formed included hydroquinone, p-aminophenol, p-nitrophenol, 1,4-benzoquinone, and Nacetyl-benzoquinone imine (NABQI) (Bedner and Macchrehan 2006) which were not
completely mineralized by the end of the treatment process (Zavala and Estrada 2016). As
applicable to other AOPs, the heterogenous use of ECO with other AOPs is a common
practice aimed at improving the removal efficiency. Electro-Fenton (Su et al. 2013), sonoelectro-chemical (Frontistis 2020) and photo-electro-Fenton (De Luna et al.
processes have been reported.
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2012)

Although the processes are feasible and well demonstrated to achieve good pollutant
removal efficiency, the cost implications in form of electricity consumption, maintenance
of the materials such as electrodes due to wear down effect (Zavala and Estrada 2016),
procurement of the electrolytes and other oxidizing reagents and diminishing removal
efficiency with prolonged treatment cycles (Bosio et al. 2020) make them a challenge for
effective implementation. The production of intermediates is also a major concern, since
the ecotoxicological effects of such intermediates need be considered. For instance, the
electro-oxidation of BP yields radicals identified by the chemical formulae (C4H5O4-,
C11H13O5-, C11H11O5-) (Gomes et al. 2016). The key parameters that govern the process
include current density, the linear velocity of the electrolyte, ratio between the anode
surface and the solution volume, composition of the electrode and pH of the reaction
medium (Polcaro et al. 2002).
2.8.4 Other AOPs
Other AOPs have also been employed in the treatment of parabens and acetaminophen.
Some of these include UV irradiation processes (Dominguez et al. 2019, Gryglik and
Gmurek 2018, Tan et al. 2014), sonochemical oxidation (Frontistis 2020), and hydrogen
peroxide-based processes (Hansen and Anderson 2012). The above references have
reported the reaction conditions, removal efficiencies and optimized parameters.
Moreover, direct photochemical degradation of PP under aerobic conditions at 330 nm
leads to complete mineralization of PP but produce intermediates more toxic than PP; while
under anaerobic conditions, the substrate is efficiently eliminated as dead-end products
(unidentified due to lack of standards), although not known to be toxic, are however
recalcitrant to further UV light degradation (An et al. 2014).
General reviews of AOPs are available for further consideration of the reader (CuerdaCorrea et al. 2019, Miklos et al. 2018) while a comprehensive review of the formation of
oxidation by-products by AOPs has been reported (Ike et al. 2019). Any of these AOPs
may be accompanied by other non-radical oxidative mechanisms, whose contributions to
the overall EC removal efficiency is determined by the AOP type and the reaction
conditions. These processes have also been reported (Deng and Zhao 2015).

36

2.9. Oxidoreductases in wastewater treatment
The application of enzymes in the treatment of wastewater has always focused on the use
of oxidoreductases, prominent of which are tyrosinases, laccases, and peroxidases. The
first two shall be briefly considered, whereas the focus shall be on peroxidases.

2.9.1 Tyrosinases
Tyrosinases (o-diphenol:dioxygen oxidoreductase, EC 1.10.3.1) are widely distributed
among different living organisms, prokaryotes, plants, fungi, arthropods and mammals,
and are classified as type-3 copper-containing (metalloenzymes) proteins (Ullrich and
Hofrichter 2007). The active site of the enzyme contains two copper atoms, coordinated by
3 histidine residues (Decker and Tuczek 2000). The active site can exist in three different
states, deoxy-, oxy- and met-tyrosinase, determined by oxidation state of the copper and
its linking with the dioxygen (Ullrich and Hofrichter 2007, Sanchez-Ferrer et al. 1995).
The enzyme catalyzes the formation of o-quinones in a two-step sequential process by
hydroxylating monophenols to form o-diphenols which are oxidized to o-quinones (Varga
et al. 2019, Duran et al. 2002) using molecular oxygen. The quinones can further
polymerize spontaneously to form brown or black pigments (Wada et al.

1994).

According to the mechanism of the reaction, only the oxy-tyrosinase form which is the
oxidized form of the enzyme, is active in the conversion of monophenol to o-diphenol
through an enzyme-substrate complex. The o-diphenol is either released from the active
site or it is oxidized to the corresponding o-quinone (Rodriguez-Lopez et al. 2001).
Tyrosinase have a wide range of substrate specificity (Varga et al. 2019), able to react
with several phenolic compounds, leading to the formation of oligomers which may
precipitate out of solution (Abdollahi et al. 2018, Lee at al 1996, Wada et al. 1994) and
can be separated. β-tyrosinase gene extracted from a thermophile Symbiobacsterium sp.
SMH-I and cloned in a mutant strain of E. coli secreted the enzyme with optimal pH
between 6.5 and 9.0 and remains catalytically active at 65 oC and was shown to reduce 100
mM phenol to 8 mM in 24 h (Lee et al. 1996). Reviews of the mechanism of action,
prospects and applications, kinetic properties and toxicity evaluation of tyrosinase-treated
effluents have been made (Varga et al. 2019, Kanteev et al. 2015, Zaidi et al. 2014).
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2.9.2. Laccases
Laccases (p-diphenol:dioxygen oxidoreductatse, EC. 1.10.3.2) are grouped under the
superfamily of multi-copper oxidases (MCOs) characterized by different substrate
specificities and varying biological functions (Janusz et al. 2020) using oxygen as
substrate to oxidize aromatic and non-aromatic compounds. Due to the unique spectral
properties of copper involved with laccase active sites, they are categorized into three
groups; type 1 (T1), type 2 (T2) and type 3 (T3) or blue copper, normal copper and coupled
binuclear centres, respectively (Solomon et al. 1992). The three components work together
and sequentially to attain catalytic activity. Type 1 accepts electron from reducing
substrates and transfers it to a trinuclear copper cluster formed between T2 and T3, about
13 Å apart from T1, where molecular oxygen serving as the terminal electron acceptor is
reduced to water (Skalova et al. 2011). Since T1 abstracts electrons from substrates to
initiate the catalytic process, its oxidation potential determines the pace and substrate range
of the reaction, such that mutant variants with increased redox potential of T1 can oxidize
the high redox potential compound 1,2-dihydroxyanthraquinone-3-sulfonic acid, a
compound natural laccases cannot oxidize (Gunne et al. 2014). This redox potential also
forms the basis for classifying laccases into low and high redox potential groups (Janusz et
al. 2020, de Salas et al. 2019, Klonowska et al. 2002). Bacteria, insects and plants
generally produce the low-redox potential laccases while high-redox potential laccases
predominate among fungi (Munk et al. 2015). Perhaps this partly accounts for the vast
industrial applications of fungal laccases (Munk et al. 2015).

Laccases cannot directly add oxygen into phenolic rings, however through a cascade of
reactions p-quinones and p-hydroquinones can be formed through the intermediates
phenoxyl radicals, cyclodienone cations with the addition of water (Ullrich and Hofrichter
2007). Due to the presence of cupredoxin-like domains, MCOs can reduce dioxygen to
water without production of toxic by-products (Janusz et al. 2020). These properties
inform the choice of laccases in the treatment of phenolic and non-phenolic-contaminated
waters (Becker et al. 2017, Viswanath et al. 2014). Becker et al. (2014) reported the
treatment of EDCs: estrone (E1), 17β-estradiol (E2), estriol (E3), 17α-ethinyl estradiol
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(EE2), bisphenol A (BPA), nonylphenol (NP), Propyl paraben and benzylbutylphthalate
(BBP) as individual contaminants and in binary mixtures, using free and immobilized
fungal laccases from Trametes versicolor and Myceliophthora thermophilia. Reported
removals varied between 82% in 6 h and up to 99% in 24 hours through surface adsorption
onto the immobilization supports. A comprehensive review on the use of laccase in
wastewater treatment is reported (Gasser et al. 2014, Viswanath et al. 2014).
2.9.3 Peroxidases
Peroxidases (EC.1.11.1.7) are a prominent member of the oxidoreductase enzyme class.
These undergo oxidative reactions employing hydrogen peroxide as an electron acceptor.
Horseradish peroxidase (HRP) is a heme-containing oxidoreductase, which has been
widely employed in research, diagnostics, and several other applications. Of the different
HRP isoenzymes, HRP isoenzyme C (HRP C), has been the most extensively studied and
much of the insights into the structural features and characteristics of heme-peroxidases
emanated from over a century of research with HRP (Veitch 2004). Structurally, the plantbased superfamily of peroxidases is classified under three classes according to derived
amino acid sequence and crystal structure analysis (Smith and Veitch 1998). These are:
mitochondrial yeast cytochrome c peroxidase (CCP), cytosol and chloroplast ascorbate
peroxidases (APXs) forming class I; secretory fungal peroxidases constitute class II of
which prominent examples are lignin peroxidase (LiP) and manganese peroxidase (MnP)
from Phanerochaete chrysosporium while class III comprises the secretory plant
peroxidases, such as the classical HRP and SBP (Smith and Veitch 1998, Welinder 1992).
Class III peroxidases share a unique sequence of 34 amino acid residues between helices F
and G, partly forming the substrate access channel which is not found in class I and II
peroxidases (Gajhede et al. 1997). Since SBP is employed in this study, we shall focus on
class III. Peroxidases are preferred for their multifunctional activities and broad substrate
specificity. Specifically, SBP is a cheap source of peroxidase with abundance around the
world and adds economic benefits to the soybean value chain.
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2.9.3.1 Structural features and properties of HRP C and SBP
Mature plant SBP contains 306 amino acid residues having a pyrrolidone carboxylic acid
in the N-terminus and a serine residue at the C-terminal (Welinder and Larsen 2004). The
HRP C also consists of 306 amino acid residues (Smith et al. 1990). However, some have
reported 308 amino acid residues (Veitch 2004, Welinder 1979). Although approximately
18% of the enzyme’s molecular mass is contributed by glycosylated moieties (Gray et al.
1996), glycosylation is not required for the correct folding nor activity of the enzyme
(Smith et al. 1990). However, Hummer and Spaduit (2019) reported loss of optimal
catalytic activity and reduced thermostability in non-deglycosylated recombinant HRP C
(rHRP C). A mature SBP would contain seven glycosylation sites on Asn 56, 130, 144,
185, 197, 211 and 216, some of which are as fully glycosylated as that on Asn 216
(Welinder and Larsen 2004). This contrasts with another report of only 4 glycosylation
sites on Asn 185, 197, 211 and 216 (Gray and Montgomery 2006). The glycans are on
average composed of 2 mols of N-acetylglucosamine (GlcNAc), 3.3 mol of mannose, 0.7
mol of xylose and 0.9 mol of fucose residues (Gray et al. 1996). Gray and Montgomery
(2006) reported an assymetrical distribution of glycans, predominantly on the substratechannel face, as observed from the crystal structure of SBP, whereas glycans of HRP C are
evenly distributed over the enzyme surface. HRP C has 9 possible glycosylation sites on
Asn: 13, 57, 158, 186, 198, 214, 255, 268, and 316 (Ryan et al. 2006). The molecular mass
of HRP C is 44100 Da, comprised of 7580 Da of carbohydrates, 550 Da heme group and
80 Da calcium (Veitch 2004, Welinder 1979). The SBP however has a total molecular mass
of 40660 Da, comprised of 7400 Da carbohydrates, 550 Da of heme group and 80 Da of
calcium (Henriksen et al. 2001). The similarity in calcium and heme content is important,
considering the vital roles these play in enabling proper folding and catalysis, respectively
in the enzyme (Smith et al. 1990). Although they have similar number of amino acid
residues, the difference in molecular mass could be attributed to the differences in the
composite amino acids, since the enzymes have about 70% residue homology between
them (Welinder and Larsen 2004). Another possible reason is the variation in the kind of
glycan found at the glycosylation sites and the extent of glycosylation, since glycan content
varies with the source and “maturity” of the enzyme (Veitch 2004).

40

HRP C has four disulphide bridges between cysteine residues: 11-91, 44-49, 97-301 and
177-209 (Veitch 2004). Similarly, SBP has four such bridges between cysteine residues
11-91, 44-49, 97-299 and 176-208 (Welinder and Larsen 2004, Henriksen et al. 2001).
Beside the number of bonds being similar, the participating cysteine residues are also
similar in the first two instances, illustrating the close subfamily sequence homology,
warranting the placement of both enzymes in class III. These polypeptides fold creating a
secondary structure with 13 alpha-helices in both enzymes, but with 2 and 3 beta-sheets in
SBP and HRP C, respectively (Henriksen et al. 2001, Gajhede et al. 1997). HRP C has
two domains, proximal and distal, with the heme group situated in between them (Veitch
2004) (Figure 2.5). HRP C is found in the roots, cell wall and vacuoles of horseradish plant
(Armoracia rusticana) (Veitch 2004). SBP is predominantly located in the seed coat, also
found in leaf and stem of soybean (Schmitz et al. 1997).

Fig. 2.5 Three-dimensional crystal structure of HRP C (Adapted from Veitch 2004, with
permission). The red portion represents the heme group situated between the two domains;
each domain contains one calcium atom in blue. Purple and yellow colors represent the
alpha helices and beta sheets, respectively.
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2.9.3.2. Amino acids involved in catalysis
The heme pocket contains distal Arg38 and His42, which are crucial to catalysis (Ryan et
al. 2006). A mutation replacing His42 with Ala results in a decreased rate of compound I
(Figure 2.6) formation by six-fold (Newmyer et al. 1996). These residues are engaged in
acid-base catalysis, and the cleavage of O-O bond in hydrogen peroxide, thereby
facilitating the formation of compound I (Smith and Veitch 1998, Rodriz-Lopez et al.
1996). Specifically, distal His42 is thought to enhance the formation of compound I by
acting as a general acid-base catalyst, where it abstracts a proton from hydrogen peroxide,
enabling the formation of a Fe.OOH (ferric peroxide) intermediate, and eventually transfers
the proton to the distal oxygen of the ferric peroxide complex, during the cleavage of the
dioxygen bond (Mukai et al. 1997, Newmyer et al. 1996). This is plausible considering
the histidine imidazole side chain has a very low pKa of ca 2.5 while the R group of Arg38
has a very high pKa (Henriksen et al. 2001). The formation of compound I can still proceed
without Arg38, at a lower rate, however its presence aids the efficiency of the reaction and
provides the binding affinity for ligands such as hydrogen peroxide (Smith and Veitch
1998).
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Fig.2.6 Peroxidase cycle. Atoms in red represents the mechanism of oxygen atoms taken
from hydrogen peroxide (Modified from Dunford et al. 2016)

Phe142 acts indirectly to facilitate the binding of aromatic donor molecules to the active
site and subsequent structural changes that enhances catalysis to occur (Veitch et al. 2004).
Alanine replacement of Phe142 by site-directed mutagenesis showed a rHRP C 3-4 times
weaker in its binding to its aromatic substrate than the wild type HRP C but demonstrated
normal folding and heme pocket structure (Veitch et al. 2004).
Asn70 forms a hydrogen bond between the amide oxygen to the -NH group of imidazole
on distal His42 in the active site (Veitch 2004). This bonding helps to maintain the basicity
of the residue as a decrease in the basicity affects the ease of proton and electron transfers
(Nagano et al. 1996). Proximal Asp247 complements by accepting a proton from His42
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thereby enhancing the electron density on the imidazole ring and cleaves the O-O bond via
a “push” effect (Nagano et al. 1996). Other amino acids directly or indirectly involved in
peroxidase catalysis include Phe41, which blocks substrates from accessing the ferryl
oxygen of compound I (Veitch 2004). His170 restrains the heme moiety in position and
prevents distal coordination while ensuring the heme moiety maintains the 5-coordinated
state which favours the catalytic process (Newmyer et al. 1996). Mutation of this amino
acid leads to the accumulation of a 6-coordinate heme species which does not favour
catalysis (Howes et al. 2001).
2.9.3.3. Catalysis in peroxidases
Substrate binding to HRP C is facilitated through hydrogen bonding and hydrophobic
interactions between amino acid residues on the distal side of the heme and the substrate
molecule (Howes et al. 2001). The peroxidase cycle begins with the resting enzyme state
through compound I and compound II and eventually completing the cycle with a return to
the resting state. The stages of the cycle are explained below.

2.9.3.3.1 Formation of compound I
To begin the peroxidase cycle, hydrogen peroxide binds to heme iron atom of peroxidase
in its resting state, forming ferric-hydroperoxide complex (Fe(III).OOH) (Ortiz de
Montellano 2010). This complex is described as Compound 0 and marks the initiation of
the catalytic cycle (Veitch 2004). It has been described by kinetic analysis as a transient
compound whose conversion to compound I defines the rate-limiting step in the peroxidase
cycle (Baek and Van Wart 1989).
The critical roles of Arg38 and His42 as a proton acceptor from hydrogen peroxide and as
charge stabilizer, respectively was reported by Poulos and Kraut (1980) and tagged PoulosKraut mechanism, based on cytochrome c peroxidase from yeast. This model is generally
applicable to plant peroxidases as well (Dunford et al. 2016). The rate-determining step
(Compund 0 or ground state to Compound I) entails breaking the bonds of the distal
hydrogen atom in the ferric-hydroperoxide complex to form water and in the process
oxidation state of iron changes from III to V. The distal His42 imidazole deprotonates the
peroxide and delivers the proton to the ferryl complex, cleaving the O-O bond and forming
water (Fig.2.6). Compound I is therefore two oxidizing equivalents above the resting state,
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and a high oxidation state intermediate having an Fe(IV)=O center and a porphyrinoriginating pi-cation radical (Ciric-Marjanovic et al. 2016).

2.9.3.3.2 Compound II
This is formed by one electron reduction of Compound I, while the [Fe(IV)] state is still
present on the molecule but the porphyrin radical is quenched (Ortiz de Montellano 2010).
X-ray crystallographic evidence shows compound II is bonded to a single protonated
oxygen atom showing an iron-oxygen bond length of 1.86 Å-1.92 Å and could be
represented as [Fe(IV)-OH (Hersleth et al. 2006). In HRP, the oxygen atom involved in
this complex formation is hydrogen-bonded to Arg38 and to a water molecule which is
linked to His42 and Arg38 via hydrogen bonding (Ortiz de Montellano 2010). Compound
II, a strong oxidant oxidizes a phenolic (or anilino) group releasing an aryl radical and is
itself reduced to the resting state via the abstraction of a hydrogen from yet another
phenolic group (Figure 2.6).

2.9.3.3.3 Compound III
This is essentially a dead-end complex produced from compound II in the presence of
excess hydrogen peroxide (and low/no [reducing substrate]). The iron is in oxy-ferryl state.
It is thought the oxidation of high concentration of hydrogen peroxide yields superoxide,
which combines with ferric enzyme to form this intermediate, Fe-O-O (Ortiz de
Montellano 2010). In HRP, it is not a catalytically active form of peroxidase. HRP
Compound III crystal structures shows iron bonded to oxygen atom at 1.8 Å and a Fe-O-O
bond angle of 126˚ (Berglund et al. 2002). The farthest oxygen is linked to His42 and
Arg38 and a water molecule via hydrogen bonds (Ortiz de Montellano 2010). This deadend product slowly reverts to the resting state of the enzyme (Dunford 1999). Therefore,
the entire cycle is completed either from compound II reverting to the resting state or as
compound III reverts gradually to the resting state.
The overall reaction therefore oxidizes two phenolic molecules to phenolic radicals and
consumes a molecule of hydrogen peroxide, converting it to two water molecules.
Theoretically, there is 2:1 ratio established between the aromatic molecules and hydrogen
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peroxide, for every complete round of the peroxidase cycle. These reactions are written in
the form of chemical equations as shown below.

2.9.3.4 Applications of peroxidases in treatment of CECs
Peroxidases have been employed in the treatment of carbocyclic-aromatics like phenolics
(Mashhadi et al. 2019a), heterocyclic-aromatics like quinolines (Mashhadi et al. 2019b),
anilines (Ciric-Marjanovic et al. 2016) at experimentally determined optimal treatment
conditions with varying removal efficiencies. Comprehensive reviews of peroxidase-based
CECs treatment, treatment conditions, removal efficiency, prospects and challenges have
been reported (Morsi et al. 2020, Alshabib and Onaizi et al. 2019, Bilal et al. 2019).

2.9.3.5 Apparent inactivation of HRP/SBP during catalysis
The formation of oligomerized phenolic precipitates provides a surface for the adsorption
of the enzyme (Nakamoto and Machida 1992). Once adsorbed on the surface, the enzyme
becomes apparently inactive in solution, leading to loss of or reduced catalysis evident in
lower removal rates. Under this condition, prolonged incubation time will produce removal
kinetics markedly different from the apparent pseudo-first order process usually observed
for SBP-catalyzed phenolics removal (Goodwin et al. 1995). Adsorption immobilizes SBP
unto the phenolic precipitate, causing a lowering of its specific activity (Feng et al. 2013)
but does not create an irreversible inactivation, characteristic of hydrogen peroxide or
cyanide. SBP remains catalytically active at elevated temperatures but is irreversibly
inactivated at 90.5 ˚C while HRP C is inactivated at 81.5 ˚C (McEldoon and Dordick 1996).
This irreversible inactivation of SBP is thought to proceed through loss of the haem group,
in which case SBP has higher affinity for its haem group than HRP C (Henriksen et al.
2001). Within the conditions of wastewater treatment, however, this is not expected since
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the temperatures of neither the wastewater treatment plants nor the effluents are ever as
high as those reported for inactivating SBP.

2.9.3.6 SBP catalyzed phenolic oligomerization
The aryl radicals formed from the peroxidase cycle tend to react spontaneously and
indiscriminately. These reactions produce oligomers which couple following the resonance
delocalization pattern of the aryl molecule (Figure 2.7). Huxian and Taylor (1994) and Yu
et al. (1994) reported oligomers with different orientation pattern from HRP-catalyzed
treatment of phenol. These followed either of C-C coupling and/or O-C coupling. Another
unstable bonding not observed was O-O bonding (not shown) which is highly unstable and
breaks down to the monomeric radical products which enter back into the reaction matrix.
These coupling orientations are shown in Figure 2.7.

According to this sequence, following the resonance stabilization pattern, any modified
phenolic with a group at carbon atom 4, para to the hydroxyl group has only the carbon
atom ortho to the phenolic group available for participation in any oligomerization
reactions. Liang et al. (2016), Li et al. (2014) and Porter et al. (1985) all reported the
formation of oligomers of acetaminophen following enzyme-mediated treatment, showing
C-C and C-O bonding involving carbon atoms ortho to the hydroxyl group in phenol. When
the dimers are formed, if they are soluble, they may remain in solution and undergo the
peroxidase cycle oxidation reactions again, to form higher oligomers of the order of
trimers, tetramers, and even more (Du et al. 2016, Potter et al. 1985). Depending on the
reaction medium and type of phenol, the cycle can continue if the products are soluble in
the reaction solution, producing very large polymers. Eker et al. (2009) reported polymers
weighing up to 4100 Da were obtained from phenols using SBP.
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Fig.2.7 Resonance pattern of phenol and possible oxidative dimer coupling patterns
between phenolic radicals following SBP-catalyzed treatment in the presence of hydrogen
peroxide. The C-C oxidative coupling produces a) ortho-para dimer b) para-para dimer c)
ortho-ortho dimer; and the C-O oxidative coupling d) O-ortho and e) O-para.

2.9.3.7 Selling points of SBP
HRP is sourced from the roots and other parts of horse radish plant (Armoracia rusticana),
its seasonal availability and long cultivation duration before maturity coupled with low per
plant yields poses great challenge to sustained industrial use. It is also a niche crop, low
quantities, difficult to harvest; and extraction of enzymes leaves large quantities of biomass
for disposal. Moreover, it has several isoenzymes making downstream processing a
challenge (Humer and Spadiut 2019). Of the isoenzymes, HRP C has better catalytic
efficiency for phenol oligomerization than SBP, but lower thermostability and greater
susceptibility to hydrogen peroxide mediated suicide inactivation than SBP (Bodalo et al.
2004, Henriksen et al. 2001). These shortcomings have been improved on in SBP, making
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it a preferred candidate for industrial and research use (Loughran et al. 2014). SBP has
broad pH activity spectrum between 3.0 and 10.0 (Wright and Nicell 1999) while highest
activity when tested with phenol is observed between pH 6.0 and 8.0 (Steevensz et al.
2009). Fernandes et al. (2020) reported that, at pH 6.5 and 71.6˚C, SBP displayed optimal
catalytic activity for the treatment of 2,4-dichlorophenol. Kamal and Behere (2003) used
the standard assay substrate 2,2′-azino-bis-(3-ethylbenzthiazoline-6-sulphonate)] (ABTS)
and reported the highest catalytic activity and conformational stability of SBP to be around
pH 5.5, where the enzymes’ secondary structure assumes the highest conformational
flexibility and heme-exposure to solvent, hence aiding catalysis most efficiently. At all pH
values, kcat and kcat/KM values for SBP are higher than those for HRP C, making SBP a
more potent peroxidase than HRP C using ABTS (Kamal and Behere 2003). Yang et al.
(2019) studied the applications of SBP and HRP C and reported the superior activities of
SBP, against HRP. Nicell and Wright (1997) compared the reaction rate constants of SBP
and HRP (a mixture of the different isozymes) and reported SBP is about an order of
magnitude slower than HRP. Further to this, Bodalo et al. (2006) suggest HRP would be
the ideal industrial choice peroxidase on the lone count that it acts faster than SBP.
Therefore, the choice of peroxidase for an industrial process may be determined by a
critical examination of the interplaying factors of effluent characteristics, operational
requirements and economic considerations (Bodalo et al.

2006). A comprehensive

comparative review of HRP and SBP highlighting biotechnological applications, ad
prospects of SBP was reported by Ryan et al. (2006).

In several biotechnological processes, the availability and source/cost of the
biotechnological resource poses major constraints to the process. However, SBP can be
sourced at lower costs than the HRP (Wright and Nicell 1999). The catalytic efficiency of
SBP varies per cultivar (Steveensz et al. 2013), post-harvest storage duration, storage
temperature, and mechanical damage on the soybean seeds (Lentz and Akridge 1997).
Since SBP is obtained from soybean seed hulls, the quantity of soybeans produced is a
direct reflection on the amount of SBP that can be generated.
According to United States Department of Agriculture, (USDA), 2020 global soybean
production is estimated at 363 million metric tonnes, an improvement in production from
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the 336 million metric tonnes produced in 2019, a 7.9% production increase. Per country
production shows the first three producers are Brazil, USA, and Argentina with 131.0,
112.3, and 53.5 million metric tonnes, respectively. The source ranked Canada in 7th
position with 6.13 million metric tonnes production for 2020. In Ontario, soybean
production is in millions of tonnes per annum, peaking at 4.2 million tonnes in 2018 and
declining by about 0.5 million metric tonnes between 2018 and 2019 production year, while
national production in recent years peaked during 2017 at 7.7 million metric tonnes and
declined consistently by 0.3 and 1.3 million metric tonnes between 2017and 2018, and
2018 and 2019 production years, respectively (Figure 2.8). This large production is
substantial to provide the hulls required to produce SBP, to sustain this biotechnological
process. The extraction process, and economics of SBP production from soybean hulls
have been carefully articulated by Hailu et al. (2010).
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Fig. 2.8. Annual soybean production in Ontario and Canada (Modified from Statistics
Canada, Table 001-0017 and https://soycanada.ca/statistics/production, assessed August
7th, 2020)

2.9.3.8 Effects of dissolved substances on peroxidase-catalyzed removal of
phenolics
The effects of cations, anions, and organic compounds on HRP-catalyzed removal of
phenol was reported (Wagner and Nicell 2002). Sulphate salts of zinc, nickel, manganese
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and copper and nitrate salts of chromium, iron and cobalt were employed, since these metal
salts are often detected in industrial wastewater (Roongtanakiat et al. 2007, Kadirvelu et
al. 2001). Cations at 0.01 mM dm-3 does not affect phenol removal, but at 1.0 mM dm-3,
Cr3+ and Cu2+ in the presence of 1.3 mM dm-3 hydrogen peroxide could oxidize 30% and
50% initial phenol concentration, respectively, without HRP (Wagner and Nicell 2002). In
the presence of HRP, these cations did not promote phenol removal, which could be
attributed to the faster reaction rate of the enzyme-catalyzed removal process compared to
the cation-based phenol removal in the presence of hydrogen peroxide alone (Wagner and
Nicell 2002). At pH 5.0 and 1.0 mM dm-3, Mn2+ and Zn2+ can cause a decline in phenol
removal (Wagner and Nicell 2002). This decline in removal is thought to be due to
interactions of manganese ions with carbonyl groups on HRP globular protein, thereby
modifying its affinity for the substrates or increasing the vulnerability of the enzyme
towards hydrogen peroxide inactivation (Brzyska et al. 1997).

The chloride salts of sodium, calcium, magnesium and ammonium plus ammonium
sulphate were reported for their possible effects on HRP catalyzed removal of phenol
(Wagner and Nicell 2002). Phenol removal declined in the presence of these salts at varied
concentrations, between 0.01 – 0.05 mol dm-3 (about 0.94-4.7 g/L), depending on the salt,
and above the upper limit, no further increment produced any noticed removal effects. The
monovalent cationic salts of sodium chloride and ammonium chloride had highest effect at
0.01 mol dm-3, at which concentration also precipitation occurred in the experimental
samples but not in the salt-free control; while the divalent cations containing salts reduced
phenol removal at 0.05 mol dm-3, accompanied with precipitates formation, which has the
tendency to inactivate the enzyme and halt catalysis (Wagner and Nicell 2002). It is
obvious an increase in the ionic strength of the solution could further enhance precipitation
of the oligomerized phenolics, creating more surfaces for HRP adsorption and cause an
apparent inactivation of the enzyme (Nakamoto and Machinda 1992) and consequently a
decline or loss in its activity.
Reducing anions, of; thiosulphate, iodide, nitrite, sulphide (S2-) sulphite (SO32-) at 10 mg
dm-3 did not have any negative effect on HRP-catalyzed removal of phenol (Wagner and
Nicell 2002). However, at higher concentrations of thiosulphate, more hydrogen peroxide
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was required to effect phenol removal to similar efficiencies. This is because, oxidized
phenolic radicals oxidized thiosulphate, thereby requiring more hydrogen peroxide to
produce more phenolic radicals in a manner to keep phenol removal sustained, hence a
surge in hydrogen peroxide consumption (Wagner and Nicell 2002). It may also be due to
direct reaction of peroxide with the reducing anions at the high concentrations which
increases pathways of peroxide consumption. Cyanide is a competitive inhibitor of the
classical peroxidase, HRP, and binds strongly to the native form heme, preventing the
formation of the ferric peroxide complex which is instrumental to the formation of
Compound I of the enzyme, thereby inhibiting catalysis from taking place (Wang and
Hasabe 2011, Mukai et al. 2004). This effect however is reversible in the presence of
increased concentration of hydrogen peroxide (Wagner and Nicell 2002).
HRP is largely tolerant to organic solvents like acetonitrile, methanol and dioxane up to
20%, 50% and 30% v/v, respectively (Ryu and Dordick 1992). Higher organic solvent
concentrations than these cause a decline in HRP catalytic efficiency. This catalytic
efficiency decline occurs when exposure of the active site to organic solvents reduces the
local polarity which causes increase in hydrogen bonding of phenolic substrates (Ryu and
Dordick 1992). This follows at higher acetonitrile concentrations than 20%, this
phenomenon could set in thereby affecting phenolics removal. Other factors responsible
for diminished catalytic efficiency in organic solvents may include conformational
changes, suboptimal pH situation, transition state destabilization, active centre blockage
and unfavourable energetics of substrate desolvation (Klibanov 1997).
2.10 Mass Spectrometry (MS) in environmental studies
Liquid chromatography coupled to mass spectrometry or tandem mass spectrometry (LCMS and LC-MS/MS) have evolved as the gold standard for analytical precision and for
dealing with mixtures without separation. They have both been employed in the
determination of CEC concentrations in the environment (K’oreje et al. 2019, Bradley et
al. 2020) and in the determination of oligomerization products of enzyme catalyzed CECs
removal treatments (Liang et al. 2016, Li et al. 2014). Some of the predominantly used
ionization techniques for environmental samples include electrospray ionization (ESI),
atmospheric solids analysis probe (ASAP), both of which could be employed either in the
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positive or negative ionization modes, depending on the chemical properties of the targeted
CECs. MALDI-TOF, a soft ionization technique for large molecular weight polymers has
also been employed in situations where such polymers have been suspected to constitute
precipitate biomass (Eker et al. 2009).

2.11 Summary of literature as related to dissertation objectives
The presence of these CECs in the environment is well established, alongside their toxic
effects on aquatic organisms and/or humans. Several treatment regimens, especially those
employing strong oxidants targeting complete mineralization of the CECs to inorganic CO2
have been experimented. However, the attendant side reactions often deter complete
mineralization, beside the formation of degradation bye-products which are suspected, or
even established as being toxic. The application of laccases, tyrosinases and even HRP as
alternative enzyme-based treatment regimen are important, however these enzymes are in
relatively limited supply and may not be found in quantities enough to sustain an industrial
scale treatment protocol at affordable sustainable costs. It is in the light of these, that SBP
with its outstanding qualities and easier availability is being employed to treat these CECs.
The assay of the reaction parameters, extent of removal and products formed will establish
the success or otherwise, of the treatment regimen, hence the essence of this study.
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CHAPTER 3
MATERIALS AND METHODS
3.0 Chemicals and enzymes
Para-hydroxybenzoic acid, PHBA (CAS # 99-96-7 ≥99.0% pure) was sourced from BDH
(Toronto, ON, CA), Methyl paraben (CAS # 99-76-3, ≥99% pure, lot number
SLBG8043V), propyl paraben (CAS 94-13-3, ≥99% pure, lot number BCBW9224), butyl
paraben (CAS 94-26-8, ≥99% pure, lot number BCBR2196V) and acetaminophen (CAS
103-90-2, 98-102.0% pure, lot number MKBV3323V) were purchased from SigmaAldrich (Oakville, ON, CA).
Novo Arthromyces ramosus peroxidase (ARP) was a donation from Novozymes Inc.,
(Franklinton, NC, US). Soybean peroxidase (E.C. 1.11.7, Lot #18541NX) of industrial
grade was obtained as a crude powdery extract from Organic Technologies, (Coshocton,
OH, US). Catalase (lyophilized powder from bovine liver, (CAS 9001-05-2, lot number
SLBR6403V), containing 3940 units/mg protein was purchased from Sigma-Aldrich.
Thirty-percent (30%) hydrogen peroxide solution (CAS 7722-84-1) was obtained from
ACP Chemicals, (Montreal, QC, CA) and stored at 4˚C from which dilutions were prepared
as required. 4-Aminoantipyrine (4-AAP) was bought from BDH Inc. (Toronto, ON, CA),
and Phenol (CAS 108-95-2, 99% pure) was procured from Aldrich Chemical Corporation
(Milwaukee, WI, US).
3.1 Buffer salts and standard buffers
Sodium acetate (CAS 127-09-3), sodium

bicarbonate, (CAS

144-55-8), sodium

phosphate dibasic (CAS 7558-79-4), sodium phosphate monobasic (CAS 7558-80-7) were
purchased from ACP Chemicals, glacial acetic acid (CAS 64-19-7, ≥99.5% pure) was from
Sigma-Aldrich, standard buffers pH 4.00±0.01, pH 7.00±0.01 and pH 10.00±0.01 were
purchased from ACP Chemicals.
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3.1.1 Buffers: choice and preparation
Choice of buffers was made depending on the pH-range of their buffering capacity and
their respective UV-Vis cut-off compared against the analytical wavelengths chosen for
the compounds, either individually or as a mixture, both for UV-Vis spectrophotometry
analysis and in the UV-Vis detector of the HPLC system.

Buffers employed covered pH 3.6-10.0 and were prepared according to Gomori (1955).
Acetate buffer was used for pH 3.6-5.5, phosphate buffer was employed between pH 6.08.5 while carbonate–bicarbonate buffer covered between pH 9.2–10.0. Stock buffers were
200 mM and were diluted to the required concentration in the batch reactor at the point of
use. Water used was deionized and sourced from Culligan, (Windsor, ON).
3.1.2. Preparation of compound stock solutions
Acetaminophen and PHBA were readily soluble in water so stock solutions were 5.0
mMand 4 mM, respectively. MP was 4.0

mMstock solution, comprising 5% (v/v)

acetonitrile while the batch reactors contained 1.25% (v/v) of acetonitrile. PP was prepared
to 2.0 mMin 5% (v/v) acetonitrile, thus its batch reactors contained 2.5% (v/v) acetonitrile.
BP was prepared to 2.0 mMin 10% (v/v), thus having 5% (v/v) acetonitrile in the batch
reactors. For the mix-5 reactions, the batch reactors contained 0.2 mMeach of the five
compounds and the total concentration of acetonitrile in the batch reactors was 1.25% (v/v).

3.2 HPLC solvents and Accessories
Acetonitrile (CAS 75-05-08, 99.9% pure) was purchased from Thermo Fischer Scientific
Company (Ottawa, ON, CA). Water of analytical grade, and formic acid (CAS 64-18-6,
95%) were procured from Sigma-Aldrich, Polyether sulfone (PES) syringe filters, 0.22 µm
pore size and 25 mm in diameter were purchased from Sarstedt (Montreal, QC, CA).
Waters C18 Symmetry columns (5 µm silica particle size, 100 Å pore size, 4.6 mm inner
diameter and 150 mm long, with optimal operational pH range of 2.0-8.0) were purchased
from Waters (Mississauga, ON, CA). Solvents and modifiers employed - acetonitrile and
acetic acid - have UV-Vis cut-off of 190 nm and 230 nm, respectively. This choice rules
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out any signal interferences which could mask the signal strength of the analytes leading
to inaccurate analysis.

3.3 Instruments
3.3.1 UV-Vis spectrophotometer
An Agilent (Mississauga, ON, CA) UV-Vis spectrophotometer, model number 8453,
connected to a Hewlett Packard Vectra ES/12 computer and able to cover a wavelength
range of 190-1100 nm having 1 nm resolution, was employed for SBP activity and phenol
concentration analyses as well as determining the λmax of the compounds which informed
the adopted analytical wavelength both in the UV-Vis spectrophotometer and in the HPLC.
Quartz cuvettes with 1 cm pathlength were procured from Hellma Limited (Concord, ON,
CA) and employed for absorbance analysis within the UV-Vis range. One cuvette was used
both for the blank and sample analysis, to minimize errors.

A Corning (NY, US) LSE compact centrifuge, S/N 74115013 was used to meet
centrifugation need, used either at 3000 rpm (gravity = 1910) or at 3500 rpm (gravity =
2228). An Oakton (Montreal, QC) PC 700 pH meter (pH range: 0.00-14.00, accuracy: 0.01
pH, resolution ±0.01 pH) was used with a double junction micro pH probe from Thermo
Fischer Scientific were employed for pH measurements. pH electrode storage solution was
sourced from Thermo Fischer Scientific, (Chemsford, MA, USA). Magnetic stirrers (Micro
V magnetic stirrers, 0-1100 rpm, model 4805 and Magstirrers, 100-1500 rpm, model
82026-764) were procured from VWR International Inc. (Mississauga, ON, CA) were used
for stirring. Various sizes of Teflon-coated magnetic stir bars were procured from ColeParmer Canada Inc. (Montreal, QC, CA).
3.3. HPLC and HPLC protocols
A Waters High performance liquid chromatography (HPLC) system was procured from
Waters, (Mississauga, ON, CA) having a binary pump model 1525 and an autosampler
model 717, a UV-Vis dual wavelength detector model 2487, fitted with a column earlier
described and operated at ambient temperatures, typically 22˚C±2˚C. Breeze version 2.0
software was used for data collation and analysis. The latter parts of the experiments were
employed on another Waters HPLC system sourced from the same vendor operating with
56

an autosampler model 2707, binary pumps model 1525 and a dual wavelength absorbance
detector model 2489. Breeze software version 3.3 was used on this system unit for the data
acquisition and analysis.

HPLC protocols (Table 3.1) were employ ed to acquire the calibration curves against which
Table 3.1: HPLC analytical conditions for the analysis of the CECs (flow rate 1.0 mL/min)
Substrate
Acetaminophen

Butyl and
propyl paraben

Methyl paraben

Mix 5

PHBA

Aqueous*
solvent (%)
90.0
90.0
70.0
10.0
90.0
90.0
40.0
40.0
20.0
40.0
40.0
60.0
60.0
20.0
60.0
60.0
80.0
40.0
20.0
80.0
80.0
20.0

Acetonitrile
(%)
10.0
10.0
30.0
90.0
10.0
10.0
60.0
60.0
80.0
60.0
60.0
40.0
40.0
80.0
40.0
40.0
20.0
60.0
80.0
20.0
20.0
80.0

Time
(min)
0.00
5.01
10.00
10.01
15.00
17.00
0.00
5.00
5.01
8.01
11.00
0.00
1.00
5.00
8.00
11.00
0.00
7.00
15.00
20.00
25.00
10.00

Analytical
Wavelength
247 nm

270 nm

270 nm

247 nm and
270 nm

255 nm

* comprised of 0.1% formic acid

each sample concentrations were read. Briefly, three stock solutions were prepared, and
the required dilutions were made from these stocks, between 0.5 µM and either 400 µM,
500 µM or 1000 µM depending on the compound. The acquired data was represented as
mean±STD for triplicate injections and they were used in plotting the calibration curves,
which are provided under Appendices C and D, for single compound studies and mix-5,
respectively.
To ensure analytical reliability, the HPLC protocols were validated using linear regression
analysis from which parameters to determine the limit of detection (LOD) and limit of
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quantitation (LOQ) for each of the protocols, following standard analytical procedures.
Briefly, LOD was determined using the formula:
𝜎
𝐿𝑂𝐷 = 3.3( )
𝑠
While LOQ was determined by:
𝜎

𝐿𝑂𝑄 = 10( 𝑠 )
Where 𝜎 is the standard error of the intercept,
s is the slope of the curve.

The values obtained are presented in Appendix Tables C-1 and D-1 for single compound
and mix-5 protocols, respectively.

3.4 SBP Activity assay: stock solution, reagents formulation and activity assay
3.4.1 SBP extraction
Dry powdered SBP crude extract kept at -15˚C was removed to room temperature for about
10 minutes and 1.4 g was weighed out into 100 mL of distilled water. This was kept stirring
at ambient temperature at 200 rpm for 24 hours to allow for dissolution of the enzyme. The
turbid suspension was centrifuged at 3500 rpm (gravity = 2228) for 20 minutes. The
supernatant was then carefully transferred into a labelled dry glass bottle and stored in the
fridge at 4˚C.
3.4.2 Preparation of 10x Phenol reagent
This reagent was prepared in 0.50 M phosphate buffer, pH 7.4, to which was added 0.941
g of phenol (to give 100 mM) and made up to a total of 100 mL with distilled water.

3.4.3 SBP activity assay
To determine the activity of the crude SBP stock solution, a colorimetric method to assay
the formation of a pink chromophore with absorption maxima at 510 nm formed from the
oxidative coupling of phenol and 4-AAP in the presence of hydrogen peroxide and SBP
was employed, following an established method (Ibrahim et al. 1997). Working reagent
was freshly prepared, comprised of 5.0 mL of 10x phenol reagent, 100 uL of 100
mMhydrogen peroxide solution, giving a resultant 0.2 mMhydrogen peroxide in the
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working reagent, and 25 mg of 4-AAP (to give 2.4 mM) made up to 50 mL of water. Three
SBP dilutions were prepared, having dilution factors (DF) of 30, 40 and 50.
To ensure no time was lost between dispensing and start of the assay, a quartz cuvette was
inserted in the cuvette holder and 50 µL of diluted SBP sample added, to which 950 µL of
freshly prepared reagent was rapidly dispensed to provide thorough mixing and start the
reaction which was allowed to run for 30 seconds. The absorbance change corresponding
to the formation of the chromophore was monitored at 510 nm at 5 s intervals. Since the
three reactants of 4-AAP, hydrogen peroxide and phenol were present in non-limiting
concentrations but SBP was limiting, the initial rate of the reaction is in direct proportion
with the concentration of SBP. One unit of SBP activity was defined as the amount of
enzyme catalyzing the conversion of 1.0 µmol of hydrogen peroxide per minute under the
assay conditions (typically pH 7.4 and 22±2 °C). SBP concentrations are presented as
U/mL. Appendix A provides further details.
Whenever there was need to assay SBP activity at the end of an oligomerization reaction,
a residual SBP assay was performed. Even though the principle is similar, since the residual
SBP must be smaller than the initial activity determined at the start of the reaction, the
mixture proportion of the supernatant, serving as the SBP sample, was increased to either
100 µL or 200 µL, and complemented with 800 µL or 900 µL, respectively, of freshly
prepared assay reagent, to a total of 1000 µL. For the residual SBP, the reagent was
reformulated to ensure the final concentration of each reactant in the cuvette reaction
mixture was maintained to enable a common basis for results comparison.
3.5 Hydrogen peroxide assay
Hydrogen peroxide as a reactant in the peroxidase cycles is very important, as it may be
the limiting factor. Therefore, to determine its effect on the 3-hour oligomerization
reaction, the residual hydrogen peroxide was analyzed by a colorimetric end-point method,
according to Wu et al. (1997). The ARP in the reagent in the presence of hydrogen
peroxide, catalyzes the oxidation of phenol producing phenolic radicals which couple with
4-AAP non-enzymatically, forming a quinoneimine chromophore, with a λmax at 510 nm.
The mixture stood at room temperature for 18 minutes to allow the pink color to develop.
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The absorbance readings were taken at 510 nm against an appropriate blank. The details of
the procedure are given in Appendix B.

3.5.1 Effects of incremental addition of hydrogen peroxide on substrate
removal
For reactions that did not attain the target 95% substrate conversion after optimization,
incremental additions of hydrogen peroxide was performed. A quarter of the total hydrogen
peroxide was added at intervals and the substrate conversion was monitored as usual and
where necessary, residual hydrogen peroxide was also determined.

3.6 Batch reactor protocol
Key reaction parameters were chosen for optimization, based on previous studies. These
are pH, SBP activity, and concentration of hydrogen peroxide for a 1 mM solution. Since
this was a study to establish the feasibility of the treatment process and explore comparative
removal of the phenolic compounds, this common concentration was chosen. The extent
of removal of the substrate, starting at 1.0 mM was determined at 3 h in a buffered (40 mM,
unless stated otherwise) magnetically stirred batch reactor solution. The 1.0 mM starting
concentration and 3 h course of the reaction are laboratory set standards by which
comparison with previous studies within the group can be made. Stability of the
compounds in aqueous solutions and buffered solutions was checked by measuring the
absorbance at the maximum wavelength over 48 hours. Sets of reactions were accompanied
by no-enzyme and no-peroxide blanks, in order to check for enzyme induced or hydrogen
peroxide mediated oxidation of the compounds. Range-finding experiments were
conducted with single batch reactors, while narrow range experiments were conducted in
triplicates.

At 3.0 h (except where otherwise stated), the samples were quenched with 100 µL of
catalase stock solution prepared and stored at 4°C (19700 U/ml, to give 98.5 U/mL in batch
reactor). This was followed by stirring at about 400 revolutions per minute (rpm) for a
minute to ensure a homogenous mixture of the catalase with the solution. For time-sensitive
experiments, such as during the first five time points in time-course studies, samples were
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removed from batch reactors and immediately injected into test tubes containing 50 µL of
catalase stock solution and vortexed at 500 rpm to ensure rapid and thorough mixture in
order to decompose the hydrogen peroxide and thereby stop the reaction immediately. The
batch reactors were then filtered through 0.2 µm pore size PES filters and the midstream
filtrate was collected into a clean borosilicate 2 mL vial for analysis by HPLC. Filters were
rinsed after similar batch reactors and used for the next sample until they were too clogged
with the hydrophobic precipitates to be used.
pH optimization began with range finding experiments between pH 3.6 and 10.0, at 1.0 pH
unit increments, using the trio of acetate, phosphate and carbonate-bicarbonate buffer
systems. This optimization was done at stringent enzyme conditions, targeting not less than
20% of the initial compound remaining, but in the presence of non-limiting peroxide,
(typically 1.5-2.0 fold of substrate concentration). This was achieved by providing a limited
supply of enzyme activity, in order to make obvious the best pH point which provides the
highest removal of the compound. When the wide-range plot showed the optimal removal
range, a narrow pH range study followed typically employing 5-7 assay pH point at 0.5 pH
unit intervals to determine the exact optimal pH point.
SBP optimization was carried out at the determined optimal pH in the presence of a nonlimiting peroxide. As in pH optimization, range-finding experiments were carried out while
varying SBP activity, until an acceptable range was found, following which narrow range
experiments were performed until the SBP activity units corresponding to ≥95% removal
of the initial compound was determined. Where this extent of removal was not achieved,
residual SBP and hydrogen peroxide assay was carried out to ascertain the limiting reactant
and appropriate adjustments were made and the experiment was repeated.
Hydrogen peroxide optimization was performed through range-finding followed by a
narrow range of typically 5-7 assay points at appropriate intervals until the concentration
yielding the highest removal was found. If the target removal was not achieved, residual
SBP and hydrogen peroxide were checked, and the experiments were redesigned.
Following hydrogen peroxide optimization, where the target 95% removal was not
achieved, SBP optimization was repeated to ensure the optimum SBP activity units were
employed for the studies.
61

Using the three optimized parameters, the time-dependence of substrate conversion was
determined over 3 h in a 200 mL batch reactor. Five – ten-mL samples of the reaction
mixture were drawn from the same batch, immediately quenched in pre-aliquoted catalase
tubes and vortexed. Samples were filtered and midstream volumes were taken for residual
compound analysis by HPLC. These experiments were also performed in triplicate.
SBP activity testing was carried out daily. Batch reactions were designed with a total
volume of 20 mL in 30 mL glass batch reactors. Water, buffer and compound from a freshly
prepared stock solution (except where otherwise stated) were combined and allowed to stir
for 5-10 minutes (especially for new compounds) to check for precipitation. Thereafter the
required SBP was added and finally hydrogen peroxide was added to start the reaction
which was magnetically stirred at 200 rpm for 3 h. The buffer used was 40 mM and 5 mM
for compound removal studies and oligomers analysis by mass spectrometry, respectively.
Compound concentration was 1.0 mM, except for the mix-5 reactions, which had 0.2 mM
each of the five compounds. Since the solutions of the compounds were stable, mix-5
working solutions were prepared from stock solutions up to 48 hours old.
All the compounds except PHBA were analyzed by gradient protocol employing similar
mobile solvents of 100% acetonitrile and water acidified with formic acid at 0.1% (v/v), as
given (Table 3.1).
3.7 Mass spectrometry analysis
After enzymatic treatment, reaction solutions were centrifuged at 3500 rpm (gravity =
2228) for 20 min. The supernatant was then filtered through a 0.2 µm PES filter and
collected in a glass vial for MS analysis. The precipitate was further washed with analytical
grade water by adding 15 mL in a precipitate containing centrifuge tube and centrifuged at
similar conditions. This was done twice for each precipitate sample, to ensure the removal
of phosphate buffer from the precipitate to minimize background interferences arising from
the buffer in the mass spectra of the analytes. The washed precipitate was collected in a
glass vial and dissolved in 100% analytical grade acetonitrile for MS analysis. Solutions
meant for ESI analysis were prepared using water and acetonitrile at 1:1 where the water
was acidified with formic acid at 0.1%. MS analysis was carried out by injecting 5 µL of
solution in the sample loop of a Waters Xevo®-G2-XS ToF mass spectrometer. For ESI
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analysis, the sample loop was provided with a constant flow of an equal volume (50:50) of
0.1% aqueous formic acid and acetonitrile. Where ASAP ionization source was used,
desolvation gas temperatures (DGT) was varied between 300 ˚C and 500 ˚C. Corona
current was 1.0 µA. Data acquisition was performed either in the positive- or negative-ion
mode. The acquired mass spectra were subjected to qualitative analysis for molecular
formulae targeting possibly formed oligomers and oligomer derivatives as determined by
phenol oligomerization reaction scheme (Fig. 2.7) was analyzed using MassLynx software
Version 4.1.

3.8 Sources of error
No experimental study is error proof. These may arise from the instruments used (random
errors) or errors that occur over time with repetition, with precision. These could however
be minimized. In these studies, random errors were minimized by ensuring all analytical
instruments were calibrated and used within the manufacturer’s specifications. Samples
run in HPLC had standards at intervals along to run to check for consistency of the results
of standards. Freshly prepared HPLC solvents were also adopted to check for deviations.
UV-Vis spectrophotometers analysis employed appropriate blanks. Besides, to handle
systematic errors, analyses were done in triplicate, and results presented as mean±STD.
Moreover, volumetric and gravimetric instruments of analysis were often calibrated to
ensure they are all working properly.
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CHAPTER 4
RESULTS and DISCUSSION
4.0 SBP reaction parameter optimization – an overview
Optimization of enzymatic reaction conditions required preliminary range-finding
experiments necessarily starting with pH to ascertain the narrow range of pH within which
analysis could be focused. Secondly, when high enzyme activity is employed, the removal
process is less sensitive to pH changes (Caza et al. 1999), apparently broadening the
optimum activity pH range. Therefore, to avoid this false optimum pH phenomenon, pH
optimization must be done at limiting SBP amounts, creating stringent conditions, which
is consistent with previous reports (Steevensz et al. 2009, Wu et al. 1997). With limiting
SBP, the pH at which highest compound removal is achieved determines the optimum pH.
Compound removal under stringent conditions targets a remaining percentage of not less
than about 20% of initial concentration, creating an obvious space between the curve and
the independent variable’s baseline (x-axis).
The minimum effective enzyme activity (referred to below as ‘optimum’) needed to
achieve 95% conversion of substrate at optimal pH in the presence of sufficient peroxide
was determined next. For 1 mM starting concentration of various phenolics, Caza et al.
(1999) reported that the SBP requirements varied widely: phenol, 2-chlorophenol, o-cresol
and 2,4-dichlorophenol required 0.90 U/mL, 0.23 U/mL, 0.60 U/mL and 0.08 U/mL to
achieve 95% removal, respectively. Similarly, the [H2O2]/[substrate] ratios at optimal pH
and minimum effective SBP activity were 1.2, 0.8, 0.9 and 0.7 for phenol, 2-chlorophenol,
o-cresol and 2,4-dichlorophenol, respectively (Caza et al. 1999). Therefore, with structural
modification on the phenolic ring, the susceptibility of the compound to SBP removal could
be greatly altered, leading to a sharp change in the amounts of SBP required to achieve
optimal removal of the compound, as seen in the cases of phenol and 2,4-dichlorophenol.
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4.1 pH optimization
4.1.1 Range-finding experiments
The pH optimization for acetaminophen conversion was conducted between pH 3.6 and
10.0. beginning with 1.0 U/mL of SBP (results not shown) and the remaining substrate was
below protocol’s LOQ (Table C-1). Thus, the SBP activity was reduced until the range of
0.002 to 0.03 U/mL was adopted for the optimization as shown in Figure 4.1. It was
observed with reducing SBP activity, the curve kept rising above the baseline, indicating
increasingly limiting SBP activity, until at 0.002 U/mL, stringent conditions were
established resulting in a tentative optimal pH range around pH 7.0. This shows for a ‘good’
substrate, small increments in SBP activity may result in large improvements in removal
efficiency. Under the extreme limiting SBP activity of 0.002 U/mL, pH 7.0 may be a good
point for acetaminophen treatment, however this effect diminishes with further SBP
increment, as seen from 0.003 U/mL curve. At 0.003 U/mL, 0.004 U/mL and 0.005 U/mL,
the curves show flattened minima range between pH 7 and 8, indicating the likelihood of
a broad optimal pH range and not just a one-point pH optimum. The relatively high SBP
activity of 0.03 U/mL creates a broad pseudo optimum pH range across pH points 4.0 to
8.0, which agrees with the report of Caza et al (1999) that with large SBP activity, high
compound removal occurs thereby nullifying the effect of pH. In industrial processes where
cost is a determining factor, high SBP does entails a directly proportional increment to
process cost. Hence the need to find the minimum effective enzyme activity. The sharp
decline in compound removal efficiency above pH 8.0 is thought to be as a result of change
due to ionization of acetaminophen at the respective pH points. With a pKa value of 9.38
(Table 2.2), approaching this pH point entails the basic form of the compound is building
up in solution, depleting the acidic forms which have the capacity to donate a proton and
facilitate the peroxidase cycle for the conversion of compound I to compound II and the
return of compound II to the resting state. In consideration of acid-base behavior of the
compound, it is thought the dominance of the protonated species will favor substrate
turnover leading to oxidative oligomerization.
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Fig. 4-1: pH optimization of acetaminophen – range finding using varying amounts of SBP.
Reaction conditions: 1.2 mM hydrogen peroxide, 1.0 mM acetaminophen and 40 mM
buffers for 3 h

Figure 4.2 shows range-finding experiments for pH optimization of PHBA. At 0.5 U/mL
SBP was limiting enough to create a good curve for further studies. At 2.0 U/mL, the pH
was broadened unlike at the limiting enzyme amounts. PHBA has two pKa values, 4.54
and 9.37 (FooDB) corresponding to the carboxyl and the phenolic groups, respectively. It
is uncertain if the carboxylate ion affects binding interactions with the enzyme leading to
slow removal efficiency observed over the wide acidic pH range. All the SBP activities
used showed steep slopes indicating improvement and decline in removal efficiency
between pH 4.0 and 6.0, and between pH 8.0 and 9.2, respectively. A flattened base
observed between pH 6 and 8 indicates a range of optimal activity. The effect observed
especially between pH 9.2 and 10.0 could be due to non-enzymatic reaction of PHBA under
the high basic conditions, especially of the carboxylate group on the ring. This is thought
so even as all the other compounds which have a modified carboxylate group have not
exhibited the effect (Figures 4-1, 4-3/4-5). Based on the highest removals observed, the pH
range 5.0 - 8.0, was used for the narrow-range optimization experiments.
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Fig. 4-2. pH optimization of PHBA – range finding, using varying amounts of SBP.
Reaction conditions: 1.5 mM H2O2 and 40 mM buffers for 3 h

Figure 4-3 shows range-finding experiments for MP conversion. In contrast with PHBA,
the pH change from 4.0 - 6.0 did not produce a sharp increase in removal efficiency, but a
sharp decline was observed between pH 8.0 and 9.2, as for PHBA. This feature is replicated
among all the parabens studied (Figures 4.3 – 4.5). In hindsight, it is inferred that the steep
acidic limb in the pH curve for PHBA, Figure 4-2, must be due to change in ionization of
its carboxyl group, the carboxylate form being the better substrate.
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Fig. 4-3. pH optimization of MP – range finding, using varying amounts of SBP. Reaction
conditions: 1.0 mM substrate in 1.25% (v/v) acetonitrile 1.5 mM H2O2 and 40 mM buffers
for 3 h

Range-finding experiments for pH optimization of PP and BP were conducted as shown in
Figures 4-4 and 4-5, respectively. For BP, although the amount of enzyme used was not
stringent as in other cases, since the curve showed a similar pattern with the other parabens,
it was obvious that the expected optimal pH range would be between pH 5.0 and 8.0. The
initial experiments were conducted with 0.5 mM BP, to avoid precipitation, since there was
uncertainty to the solubility of the compound under experimental conditions. However,
with the experiences gathered from these results, subsequent experiments were conducted
using 1.0 mM but with a slight increase in organic solvent component, acetonitrile, to
increase solubility of the compounds.
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Fig. 4-4. pH optimization of PP – range finding. Reaction conditions: 1.0 mM substrate in
2.5% (v/v) 1.5 mM H2O2, 1.5 U/mL SBP and 40 mM buffers for 3 h
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Fig. 4-5. pH optimization of BP – range finding. Reaction conditions: 0.5 mM substrate in
2.5% (v/v) acetonitrile, 0.6 mM H2O2, 0.75 U/mL SBP and 40 mM buffers for 3 h and 0.5
mM BP.

A similar trend is observed between all the five compounds. An increase in the pH produces
an increasing substrate removal until a pH is reached where removal is stable over about 2
units of pH range and thereafter substrate removal decreases sharply until the last pH point.
This agrees with previous reports (Steevensz et al. 2009, Wright and Nicell 1999). These
compounds all being phenolics, have their phenolic hydroxyl group pKa in the alkaline
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region (Table 2.2). This is the proton donor group in the molecule that facilitates the
conversion of compound I to compound II and the eventual return of compound II to the
resting state in peroxidase cycle (Dunford et al. 2016 as shown in Figure 2.7). As the
necessarily protonated form of the phenolic group is progressively diminished as the pH
nears and then surpasses the pKa, hence a sharp decline in removal between pH 8.0 and
10.0.
4.1.2 pH optimization – narrow-range experiments
Following the determination of the appropriate pH range and amount of SBP to be used for
the detailed pH optimization, narrow-range pH optimizations were conducted for the
respective compounds at 0.5 pH unit intervals in triplicate. Control reactions were
conducted at pH 7.0, since all study ranges included it. No-enzyme and no-peroxide
controls were provided to determine if either of these alone have any oxidative effect on
the substrates. In all cases, these controls showed ≤5% substrate conversion. Therefore,
any compound removal observed could be attributed to the catalytic effects of SBP and
hydrogen peroxide.

Under stringent conditions, acetaminophen showed highest removal over a relatively broad

% Remaining

pH range (Figure 4-6). This optimal pH range of 6.5-8.0 agrees with previous reports. Lu
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Fig. 4-6. pH optimization for acetaminophen – narrow-range. Reaction conditions: 0.0025
U/mL of enzyme, 1.2 mM hydrogen peroxide in 40 mM buffer for 3 h. Results presented
as mean±SD where error bars represent the SD of triplicate determinations
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et al. (2017) and Potter et al. (1985) had reported the oligomerization of acetaminophen at
pH 7.0 and 7.4, respectively using HRP. It is also seen that increasing the amount of SBP
tend to reduce the pH effect, giving rise to an optimal range rather than an optimal point,
when 0.002 U/mL in Figure 4-1 is compared with the range observed from the curve of
0.0025 U/mL in Figure 4-6. This agrees with the report on effect of enzyme concentration
on pH optimal range by Caza et al. (1999).
In slight contrast to acetaminophen, PHBA (Figure 4-7) and the parabens (Figures 4-8/410) showed optimal oligomerization at pH 6.5, with only minor variations between pH
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Fig. 4-7. pH optimization for PHBA – narrow-range. Reaction conditions: 1.5 mM H2O2,
and 0.5 U/mL enzyme in 40 mM buffer for 3 h. Results presented as mean±SD where error
bars represent the SD of triplicate determinations

6.0 and 7.0. It has been established SBP has a wide optimal pH range between 5.5 and 8.0
(Fernandes et al. 2020, Steevensz et al. 2009). The pH optima determined here agree with
these previous reports. Since SBP is catalytically active over a wide range of pH, the
optimization can be envisaged as the pH at which the protonated species of the compounds
are most susceptible to deprotonation to provide protons to facilitate the peroxidase cycle.
This is plausible since pH change towards the pKa point of the phenolic hydroxyl group in
all five cases witnessed a sharp decline in removal efficiency. In all the cases, when SBP
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Fig. 4-8. pH optimization for MP narrow-range. Reaction conditions: 1.5 mM H2O2, in 40
mM buffer for 3 h. Results presented as mean±SD where error bars represent the SD of
triplicate determinations
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Fig. 4-9. pH optimization for PP – narrow-range. Reaction conditions: 1.2 mM H2O2, 40
mM buffer, PP for 3 h using varied amounts of SBP activity. Results presented as mean±SD
where error bars represent the SD of triplicate determinations.

72

was not in limiting concentrations, the optimum pH was broadened over a range of pH
points, further underscoring the importance of pH optimization under stringent SBP
conditions.
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Fig. 4-10. pH optimization for BP – narrow-range. Reaction conditions: 1.0 mM H2O2, for
3 h in 40 mM buffers using varied amounts of SBP activity. Results presented as mean±SD
where error bars represent the SD of triplicate determinations.

Other phenolics have been shown to have optimal removal pH in agreement with the
present study. Ely et al. (2017), studied the removal of phenol from biorefinery wastewater
using HRP and reported optimal removal at pH 6.32. In another development, the
oligomerization of phenol, 2-, 3-, 4-chlorophenols and p-cresol was achieved with SBP in
synthetic wastewater at pH 6.0, 7.5, 5.0, 8.0 and 7.0, respectively (Caza et al. 1999). Chagas
et al. (2015) reported optimal pH of 6.0 for the removal of phenolics from synthetic
wastewater and coffee processing wastewater using SBP. All values are within the optimal
catalytic pH range of SBP found here. Since the structural modifications on the aromatic
ring may affect the acid-base properties of the compound, it is thought this may be
responsible for the shift in optimal pH of these phenolics as reported (Caza et al. 1999). In
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the current study, the structural differences of the compounds, aside from PHBA, are in the
carboxyl derivative groups which do not contribute any acid-base properties to the
compound, hence the similar optimum oligomerization pH obtained for the four
compounds.
The best observed oligomerization pH for all the compounds were chosen for optimizations
of other parameters, namely SBP and hydrogen peroxide concentration.
4.2 SBP optimization for the oligomerization of CECs
4.2.1 Range finding
The results of SBP range finding studies for acetaminophen are shown in Figure 4-11.
About 95% of initial 1 mM acetaminophen was removed from solution with 0.006 U/mL
of SBP activity. No further removal was observed with increasing amounts of SBP after
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Fig. 4-11. SBP optimization of acetaminophen – range finding. Reaction conditions: 1.0
mM substrate, 40 mM phosphate buffer pH 8.0, 1.3 mM hydrogen peroxide for 3 h.

0.01 U/mL, indicating near-complete substrate removal. Lack of substrate removal with
increasing amounts of SBP could be either because the substrate is removed completely
with lesser amounts of SBP, and the abundance of SBP in the reaction in turn hampers
hydrogen peroxide, a co-substrate of the enzyme from participating in the reaction. Heme
peroxidases such SBP are known to demonstrate catalase-like activity (Dunford et al. 2016,
Battistuzzi et al. 2010, Vlasits et al. 2010). Vlasits et al. (2010) reported in the absence of
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external electron donor sources, heme peroxidases tend to break down hydrogen peroxide
through a mechanism other than obtainable in monofunctional catalases, that uses redox
intermediates such as compounds I, II and III, hydrogen peroxide reduction and oxidation
yielding both dioxygen and superoxide. This superoxide could in turn undergo other
reactions producing hydroxyl radicals which may alter the conformational stability of the
enzyme, by distorting the enzyme backbone and side chain groups. Any SBP increase after
0.01 U/mL in this study, makes the SBP present in relatively large amounts more than
required to utilize the aromatic substrates as electron donors. Thus, the enzyme tends to
oxidize hydrogen peroxide producing a steady curve that shows no increase in
acetaminophen removal as observed between 0.015 U/mL to 0.05 U/mL. This approach is
thought to be more plausible considering the small amount of precipitate formed
(evidenced by ease of reaction matrix filtration) to form an adsorbent surface upon which
SBP would be immobilized. In industrial applications, any further addition of SBP beyond
the minimum effective point will only amount to incurring process cost without treatment
efficiency. The range of 0.002 U/mL and 0.05 U/mL was chosen for subsequent narrowrange SBP optimization.

The wide-range SBP optimization for PHBA is shown in Figure 4-12. Doubling the amount
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Fig. 4-12. SBP optimization of PHBA – range finding. Reaction conditions: 1.0 mM
substrate 40 mM phosphate buffer pH 6.5, 1.5 mMH2O2 for 3 h
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of SBP from 0.5 to 1.0 U/mL produced a mere increment of 2.65% substrate removal thus,
compared with acetaminophen, PHBA is a poor substrate for SBP treatment, relative to
acetaminophen. The apparent decline in removal after 1.0 U/mL is due to the blown-up
scale on the y-axis, since the increase of 0.6 U/mL SBP only produced a corresponding
0.38% removal of PHBA. The possibility of limiting peroxide at such high SBP activities
will be investigated later (Figure 4-22).
Range finding studies for the oligomerization of MP are presented in Figure 4-13. At 2.3
U/mL the highest oligomerization of MP is observed, which may be the highest amount of
SBP required at these conditions to achieve substrate removal. Further increases of SBP
above 2.5 U/mL did not produce any commensurate substrate removal. Oligomerized MP
accumulated as precipitates in the reaction matrix (considering the difficulty to filter the
reaction matrix, and the profuse precipitates that accumulated following overnight settling
or centrifugation, pictures of which are not shown). Nakamoto and Machida (1992)
reported an apparent inactivation of peroxidases following adsorption unto oligomerized
insoluble phenolic precipitates which encapsulate the enzyme thereby causing a loss of
activity. This effect, however, could be resolved in the presence of additives such as
polyethylene glycol and gelatin (confirmed by Wu et al. 1997) which act by suppressing
the adsorption. In another development, Eker et al. (2009) reported SBP catalyzed
polymerization of phenolics could yield polymers having molecular mass of up to 4000,
depending on the chemical properties of the reaction medium and the phenolic monomer.
Reaction medium employing organic solvents such as dioxane, methyl formate, acetone
and dimethylformamide mixed with water up to 95% v/v solvents were used for HRP
catalyzed polymerization of phenolics and polymers with molecular mass averaging
between 400 and 26000 were reported (Dordick et al. 1987). The extent of polymerization
was found to be dependent on similar factors as outlined later by Eker et al. (2009).
Phenolic precipitates create favorable surfaces for the adsorption of the free enzyme in
solution. This immobilizes the enzyme and diminishes its specific catalytic activity by
altering the Km and/or Vmax (Feng et al. 2013).
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Fig. 4-13. SBP optimization for MP – range finding. Reaction conditions: 1.0 mM
substrate, 40 mM phosphate buffer pH 6.5, 1.4 mM hydrogen peroxide for 3 h.

Oligomerization of PP was conducted at the optimal pH as shown in Figure 4-14. SBP
activities above 1.1 U/mL produced no corresponding substrate removal.
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Fig. 4-14. SBP optimization for PP – range finding. Reaction conditions: 1.0 mM substrate,
40 mM phosphate buffer pH 6.5, 1 mM H2O2 for 3 h
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Oligomerization of BP is shown in Figure 4-15. Removal was stable between 1.0 U/mL
and 2.2 U/mL with slight decline, supposedly artifactual, considering these are single-point
determinations.
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Fig. 4-15. SBP optimization of BP –range finding. Reaction conditions: 1.0 mM substrate,
40 mM phosphate buffer pH 6.5, 1 mM H2O2 for 3 h
4.2.2 SBP optimization for the oligomerization of CECs – narrow range
Having established the approximate ranges of SBP which can be used to achieve substantial
removal, these ranges were adopted in the five instances to optimize SBP requirement
within a narrow range, as shown in Figures 4-16 to 4-20 below.

SBP requirement for oligomerization of acetaminophen was optimized between 0.002
U/mL and 0.05 U/mL (Figure 4-16). Increase of SBP beyond 0.02 U/mL did not produce
any increase in substrate removal.

Therefore, optimal enzyme requirement for

oligomerization of SBP was chosen as 0.006 U/mL, yielding the target removal of 95%.
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Fig. 4-16. SBP optimization of acetaminophen – narrow range. Reaction conditions: 1.0
mM substrate, pH 8.0 using 40 mM phosphate buffer, 1.3 mM hydrogen peroxide for 3
h. Results presented as mean±SD where error bars represent the SD of triplicate
determinations.

In Figure 4-17, the oligomerization of PHBA was optimized between 1.2 and 1.9 U/mL.
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Fig. 4-17. SBP optimization for PHBA – narrow range. Reaction conditions: 1.0 mM
substrate, 2.0 mM H2O2, 40 mM phosphate buffer pH 6.5, 3 h incubation. Results
presented as mean±SD where error bars represent the SD of triplicate determinations.
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The flat baseline at the last two points of the curve shows additional SBP did not produce
any further substrate removal. The reaction did not have visibly settling oligomers after
standing overnight, ruling out the possibility of SBP adsorption unto oligomeric
precipitate. This is in contrast with observations with MP (Figure 4-18). This might also
be due to limiting presence of hydrogen peroxide as a result of SBP-catalyzed degradation
of H2O2, which limits the available co-substrate. Considering the carboxylate moiety in
PHBA is an electron-withdrawing group from the aromatic ring, this may also hamper
complete oligomerization, since it is reported (Xu et al. 1995) electron-withdrawing groups
on a benzene ring are shown to hinder substrate oligomerization. Therefore, it was
predicted the oligomers formed may be of low molecular weight. This was later confirmed
with MS product analysis, as shown later. Since PHBA is a highly soluble compound, the
formed dimers may remain soluble in solution thereby not precipitating, unlike the
experience with the parabens. Moreover, the carboxyl group with a pKa of 4.54 as in
carboxylate form which could facilitate strong ionic interaction with the aqueous
environment, keeping the dimer soluble. Thus, beside alum coagulation, it is thought
lowering the pH to below the pKa of the carboxyl group may cause the formed dimer to
precipitate.
Figure 4-18 shows the conversion of MP following incubation with a narrow range of SBP
activities. MP showed a lot of precipitate formed and this decline in removal with increased
SBP has been earlier explained, based on Figure 4-13.
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Fig. 4-18. SBP optimization for MP – narrow range. Reaction conditions: 1.4 mM
hydrogen peroxide, 40 mM phosphate buffer pH 6.5, incubated for 3 h. Results presented
as mean±SD where error bars represent the SD of triplicate determinations.

The optimization of SBP requirement for PP and BP removal are shown in Figures 4-19
and 4-20, respectively. About 94% removal was achieved with 1.1 and 1.2 U/mL SBP,
respectively, and these removals could not be significantly improved with additional SBP.
8
7.5

% remaining

7
6.5
6
5.5
5
4.5
4
1

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

SBP activity (U/mL)

Fig. 4-19. SBP optimization for PP – narrow range. Reaction conditions: 1.0 mM substrate,
40 mM Phosphate buffer pH 6.5, 1.0 mM H2O2 for 3 h. Results presented as mean±SD
where error bars represent the SD of triplicate determinations.
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Fig. 4-20. SBP optimization for BP –narrow range. Reaction conditions: 40 mM phosphate
buffer pH 6.5, 1.15 mM H2O2, for 3 h. Results presented as mean±SD where error bars
represent the SD of triplicate determinations.

The five compounds have different SBP requirement to achieve the highest observed
removal (Figures 4-16 to 4-20). Since all compounds were initially 1.0 mM, it gives
common basis for comparison. Acetaminophen required 0.006 U/mL to achieve about
≥95% removal while 1.7 U/mL SBP was required to achieve similar removal efficiency for
PHBA. This SBP requirement is 283 times more for PHBA than it was for acetaminophen.
None of the three parabens at the SBP optimization conditions could achieve ≥95%
removal. The SBP required for the highest attained oligomerization of about 94% in MP,
PP and BP was 2.3 U/mL, 1.5 U/mL and 1.2 U/mL, respectively. Therefore, the SBP
requirement is in the order MP>PP>PHBA>BP>>Acet.
From a previous report, SBP catalyzed oligomerization of an initial 1 mM solution
achieved ≥95% removal of phenol, 2-chlorophenol, o-cresol and 2,4-dichlorophenol using
0.90 U/mL, 0.23 U/mL, 0.60 U/mL and 0.08 U/mL, respectively (Caza et al. 1999).
However, Steevensz et al. (2009) reported 1.5 U/mL was required to achieve 95% removal
of 1.0 mM phenol in synthetic wastewater using SBP. The SBP requirement for
acetaminophen is 1-2 orders of magnitude lower than all these reports, while MP is >2-fold
higher than all the reports. This more efficient removal of acetaminophen is thought to be
due to the substitutions on the aromatic ring and the regioselectivity of the substituted
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group. Xu et al. (1995) reported in the presence of amines/amides, or electron donating
groups, peroxidase catalyzed oligomerization is enhanced, and the reaction rate is faster.
This is thought to be the case for acetaminophen.
It is also worth the mention, with increasing alkyl chain length, the SBP requirement
decreases. To overcome solubility challenge and obtain 1 mM batch reactor concentration,
the parabens were dissolved in solvents having acetonitrile. BP, PP and MP had acetonitrile
batch reactor content (v/v) of 5, 2.5 and 1.25%, respectively. According to Ryu and
Dordick (1992), acetonitrile does not affect peroxidase activity up to 20% v/v. Therefore,
this concentration is within safe operational corridors, and should not affect the catalytic
efficiency of the enzyme. Considering the nature of the organic solvent, it is thought its
presence created the environment for keeping hydrophobic oligomers from precipitating in
BP, an effect which was minimal in MP, since acetonitrile was four times less in MP
reaction mixtures than BP. This facilitated more precipitate accumulation in MP than in
BP, hence the more enzyme adsorption effect in MP batch reactors than BP samples,
warranting more SBP consumption in MP oligomerization reactions than BP.
Considering the trend among the parabens, the SBP requirement for MP was higher and
called for further investigations. Reaction conditions were further varied to ascertain the
SBP optimal requirement. At the end of the 3 h reaction time, residual supernatant SBP
activity determined for initial SBP activities of 2.3 U/mL, 2.4 U/mL, 2.5 U/mL and 2.6
U/mL were 0.5%, 0.4%, 0.5% and 0.4%, respectively. Peroxide at 1.5 mM was used in all
four cases above. Residual peroxide for above corresponding SBP amounts were 6.4, 3.1,
2.3 and 3.5% of starting concentrations at the end of the reaction. The last readings thought
to be artifactual variations since it does not follow the decreasing peroxide pattern
established for the first three samples. From these results, it is obvious the polyphenolic
precipitates formed had adsorbed the enzyme from reaction matrix leaving no SBP
available for substrate conversion. This could account for the poor removal efficiency with
increased enzyme concentration. The declining content of residual H2O2 is thought to arise
from SBP facilitated degradation. Under these conditions, more addition of SBP cannot
produce a corresponding removal efficiency but rather increase the process costs.
Incremental addition of H2O2 was done at four 30-minute intervals from the start of the
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reaction. It was found MP removal increased by about 5% while residual H2O2 and SBP
were 9.1% and 0.3% respectively (results not shown). The increment in residual H2O2 is
thought to be due to failure of the adsorbed SBP to degrade it. To further investigate this,
incremental addition to a total batch reactor amounts of 2.3 U/mL SBP in 4 rounds at 30
minutes interval, beginning from the start of the reaction was conducted. Residual H2O2
was determined to be 0.8%, 8 times less than when both components were fully present at
the start of the reaction. Residual supernatant SBP was 0.3%, which shows it might have
been adsorbed on the polyphenolic precipitate. These reports agree with Nakamoto and
Machida (1992) and Feng et al. (2013) that reduction in catalytic efficiency (apparent
inactivation) is due to adsorption of the enzyme on the surface of oligomerized phenolic
precipitate. Therefore, to save operational costs, the first point on the SBP optimization
curve (Figure 4-18) with highest substrate removal is considered the optimal SBP activity.
PHBA had finer precipitates which did not settle even after standing overnight yet used
more SBP than previously reported for phenolics (Steevensz et al. 2009). Besides the
earlier advanced reasons, another mechanism hampering the completion of the reaction in
PHBA is thought to be due to the scavenging effect of the recalcitrant electron-withdrawing
phenoxy-carboxylate ions in solution. Pylypchuk et al. (2018) also reported the presence
of radical scavengers in reaction medium can obstruct the oxidative coupling of aryl
radicals thereby retarding the rate of substrate removal. This they reported is pronounced
when a susceptible compound is in a reaction matrix with a recalcitrant compound, citing
the examples of a binary mixture of acetaminophen and diclofenac (DCF), respectively.
4.3 Hydrogen peroxide optimization
The stoichiometry of the peroxidase-catalyzed reaction between peroxide and phenolic (or
anilino) compound follows a molar ratio of 1:2. However, experimental evidence has
shown this is seldom the case, necessitating experimental determinations to determine the
required H2O2 to achieve optimal substrate removal conditions. With SBP, the molar ratios
for 1.0 mM phenol, 2-chlorophenol, o-cresol, and 2,4-dichlorophenol have been reported
as [H2O2]/[substrate] ratios of 1.2, 0.8, 0.9 and 0.7, respectively (Caza et al. 1999). Ibrahim
et al. (2001) reported the ratio of 1.1 from studies with real wastewater samples. In another
study, SBP catalyzed removal of aniline and o-anisidine in synthetic wastewater yielded
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the molar ratio of 1.5 and 1.25, respectively (Mazloum et al. 2016). From studies with
HRP, Lu et al. (2017) reported the molar ratios for phenol, acetaminophen, 2,4dichlorophenol to be 2.0, 2.0 and 1.0, respectively. This molar ratio defines the optimal
required hydrogen peroxide concentration, below which H2O2 concentration becomes
limiting thereby halting the removal of the substrate. Concentrations of H2O2 in excess of
this tend to inactivate SBP by either of several established pathways (Dunford et al. 2016,
Steevensz et al. 2009, Ibrahim et al. 2001). Excess H2O2 concentrations or limited substrate
concentrations tend to favor the production of compound III, a catalytically reversibly
inactive form of the enzyme, which can only slowly be converted to the resting state of the
enzyme, as illustrated in Figure 2.7 above and in Dunford et al. (2016). Since the optimal
ratio is defined and the above reported results gives a guide to peroxide requirement, a
range was developed based on these guides and the narrow range optimizations were done
as shown in Figures 4-21/4-25.
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Fig. 4-21. Hydrogen peroxide optimization of acetaminophen. Reaction conditions: 40
mM Phosphate buffer pH 8.0, 0.006 U/mL of SBP for 3 h. Results presented as mean±SD
where error bars represent the SD of triplicate determinations.
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Fig. 4-22. Hydrogen peroxide optimization for PHBA. Reaction conditions: 40 mM
Phosphate buffer pH 6.5, 1.2 U/mL SBP for 3 h. Results presented as mean±SD where
error bars represent the SD of triplicate determinations.
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Fig. 4-23. Hydrogen peroxide optimization for MP. Reaction conditions: 40 mM phosphate
buffer pH 6.5, 2.3 U/mL SBP for 3 h. Results presented as mean±SD where error bars
represent the SD of triplicate determinations.

Hydrogen peroxide optimization of PP and BP are shown in Figures 4-24 and 4-25. These
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Fig. 4-24. Hydrogen peroxide optimization for PP. Reaction conditions: 40 mM Phosphate
buffer pH 6.5, varied amounts of SBP for 3 h. Results presented as mean±SD where error
bars represent the SD of triplicate determinations.

Figures show multiple curves indicating a repeat of SBP optimization after H2O2
optimization was done, to obtain best activities of SBP required to achieve highest
removals. Due to the large error margin on the 1.3 U/mL curve of Figure 4-25, 1.4 U/mL
was preferred as being more reliable and hence chosen as the optimal amount of SBP
required. It is for a similar reason that 1.15 mM peroxide is considered better than 1.10
mM for BP removal.
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Fig. 4.25. Hydrogen peroxide optimization for BP. Reaction conditions: 40 mM Phosphate
buffer pH 6.5, varied SBP for 3 h. Results presented as mean±SD where error bars represent
the SD of triplicate determinations.

Optimized peroxide was divided into four aliquots and added incrementally at 30-minute
intervals from the start of the reaction for PHBA, PP and BP. The results (figures not
shown) showed increments in removal of the residual compounds were 3.7±0.0%, 1.9± 0.2
% and 2.2± 0.2% for PHBA, PP and BP, respectively. This was above the target removal
of 95%. This agrees with Mashhadi (2019) who reported increment of 5% for incremental
addition of optimized peroxide dose over single dose additions.

Optimized parameters for the CECs studied are summarized in Table 4.1. The optimized
H2O2

concentration

for

1.0

mM

substrate

is

in

descending

order

of

PHBA>MP>Acet>PP=BP. Below this concentration, compound removal is limited due to
insufficient H2O2. The conversion of the resting state enzyme to the catalytically active
compound I and thence compound II is dependent upon H2O2, and in the event of limiting
concentrations of H2O2, this important step is halted. Supporting this thought is the report
of Cheng and Harper Jr (2012), which affirmed the rate of compound removal is dependent
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upon the enzyme substrate interaction and not on the frequency of collision between the
radicals. More so that the aryl radical formation and release step is secondary and maybe
slower than compound I formation step in the peroxidase catalytic cycle and entirely
dependent upon initial step of enzyme-H2O2 interaction which facilitates the conversion of
resting state enzyme to compound I.
With excess H2O2 concentrations, there is enhanced conversion of the resting state enzyme
to the other forms, Compounds I and II and then Compound III. However, Nicell and
Wright (1997) from modelling studies stated that compound III predominates over the
other forms of the enzyme. Since compound III is a catalytically inactive form of
peroxidase, the entire reaction rate drops making removal efficiency decline, thus the
foregoing curves tip upwards above the optimum peroxide concentrations. This is thought
to be the case between the H2O2 concentrations points at: 1.4 -1.5 mM in Figure 4-21; 2.12.3 mM in Figure 4-22; 1.5-1.7 mM in Figure 4-23; 1.2-1.4 mM in Figure 4-24; and 1.21.4 mM in Figure 4-25 above.
Once formed, compound III may undergo decomposition through any of three alternate
pathways. The very reactive bound peroxyl radical which binds very close to the
tetrapyrrole structure may oxidize the porphyrin moiety (Valderrma et al. 2002) by
eliminating the carbon bridges connecting the pyrrole rings resulting in the cleavage of the
porphyrin macrocycle thereby forming an open-chain tetra-pyrrole structure (Nakajima
and Yamazaki, 1980). In other words, the ring is opened, irreversibly inactivating the
enzyme. Compound III may also catalyze the oxidation of the surrounding protein
producing an oxidized group of amino acid side chain moiety or it may oxidize a substrate
molecule thereby repairing the porphyrin moiety and returning to the ground state
(Valderrma et al. 2002, Dordick et al. 1986). Lastly it may undergo irreversible decay
releasing free radical superoxide and dioxygen which undergo rapid rearrangement upon
release and decompose to form hydroxyl free radicals in solution which are reported to
oxidize amino acid side chains. The formed free radicals may undergo several molecular
interactions between the protein backbone and amino acid side chains until they find the
lowest reduction potential, which in proteins is cysteine residues (Davis and Dean, 1987).
Since cysteine residues are also involved in the disulphide bridge formation, it is thought
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these may interfere with the integrity of the four disulphide bridges in SBP (Henriksen et
al. 2001), consequently affecting the structural integrity of the protein and hence its
catalytic activity. This may explain the decline in SBP activity between start of the reaction
and the end of the 3-h reaction course (results not shown).
Table 4.1: Summary of parameter optimization and removals of studied CECs.
Compound Optimization parameter
(1.0 mM)

pH

[H2O2]/

SBP

H2O2

(U/mL)

(mM)

% removal*

[Substrate]

Acet

8.0

0.006

1.3

1.3

96.5

PHBA

6.5

1.5

2.0

2.0

93.2

MP

6.5

2.3

1.4

1.4

92.8

PP

6.5

1.4

1.15

1.15

94.8

BP

6.5

1.4

1.15

1.15

93.2

*% removals are taken from the least remaining substrate concentration points on hydrogen
peroxide optimization plots (Figures 4-21 to 4-25).
4.4 Mixed existence demands mixed treatment – exploring possibilities
Real wastewater samples, originating from manufacturing facilities (Kleywegt et al. 2019),
effluents from municipal wastewater treatment plants (Ghoshdastidar et al. 2015),
receiving and surface waters (Ebele et al. 2020, Blair et al. 2013, Kolpin et al. 2002)
contain a matrix of CECs. Recently, Bradley et al. (2020) surveyed surface water across
the US and reported a median of 4 out of 120 target pharmaceuticals were detected at each
sampled location. Therefore, any study to treat wastewater effluents that focuses on only
one contaminant might be a great laboratory-scale experiment but devoid of the capability
to extrapolate the findings to real wastewater situations where many other contaminants
may be present. These experimental results may be limited by the matrix effects.
Unfortunately, Zheng and Colosi (2011) observed there has been little attention given to
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studies focusing on simultaneous treatment of CECs. Recently, Liu et al. (2019b) broke
the fallow ground and reported simultaneous aqueous chlorination of sulfamethoxazole,
diclofenac and acetaminophen. The study demonstrated the production of hetero-dimer
pairs of sulfamethoxazole-acetaminophen and diclofenac-sulfamethoxazole, in a pHdependent process facilitated by oxidative coupling through the amine-nitrogen of
sulfamethoxazole. Xiang et al. (2020) reported success in the removal of 4-chlorophenol,
BPA and NP by chlorination of aqueous mixtures.

Part of the challenges hampering simultaneous studies of CECs is analytical. In the event
a set of CECs does not have a common absorbance wavelength for analysis, it becomes a
challenge to simultaneously monitor the compounds present. Liu et al (2019b) used HPLC
fitted with a diode array detector (DAD) to analyze the mixture of SMX, DCF and Acet at
210 nm. This is a seemingly common wavelength where many aromatic rings show
appreciable absorbance.
Considering an obvious research gap and the need to scale up laboratory experimental
design to bear the semblance of environmental reality, the five ECs studied here were
mixed (mix-5) to study SBP-catalyzed removal of these contaminants. To overcome the
analytical wavelength challenge, a common wavelength was used, which was different
from the isosbestic point. The parabens had their acid band absorption maxima at 256 nm,
PHBA at 255 nm and Acet at 247 nm. Although about 8 nm apart, it was observed the
signal strength for parabens and PHBA was stronger at 247 nm, compared to that of Acet
at 255 nm, thus the analysis for the mixture in the acidic conditions was conducted at 247
nm. Checks were done with analysis at the dual wavelengths, namely 247 nm and 270 nm,
being the isosbestic point of the parabens, where measurements were to be carried out
inclusive of both acidic and basic pH during pH optimization. There was no difference in
observed compound removal when checked for parabens at both analytical wavelengths,
hence 247 nm was safely used.
Enzyme-catalyzed reactions for the simultaneous oligomerization of CECs are rarely
reported in the literature. Dordick et al. (1987) reported copolymerization of different
phenols in 85% v/v dioxane. Another study (Hachi et al 2017) employed laccase from
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Trametes versicolor for the removal of acetaminophen and diclofenac in synthetic
wastewater. The process was largely successful with enhanced removal of both compounds
in binary mixture than in single compound studies. Similarly Pylypchuk et al. (2018) used
immobilized laccase from Trametes versicolor with and without Cd(II) to treat a binary
mixture of acetaminophen and diclofenac and reported 99% and 95% removal of
acetaminophen and diclofenac, respectively, in the presence of Cd(II) ions.
The calibration curves of the compounds in mix-5 are attached in Appendix D Figures A16 to A1-10. A summary of the retention times and characteristics of the calibration curves
for individual CECs are also included in the Appendices as Table D-1. Compared with the
summary of the calibration curves observed in the single compound studies, these clearly
have higher extinction coefficients. These can be accounted for by the wavelengths
employed. The isosbestic wavelengths are often not the maximal wavelength of analysis.
These compounds demonstrated higher absorbance of the acid band than at the isosbestic
point, consequently the higher extinction coefficient at the 247 nm, in keeping with BeerLambert’s law.
4.4.1 Optimizations for mix-5 treatment
For the mixture study, pH optimization was done, range-finding experiments in nonreplicate points followed by narrow-range experiments with triplicate points. The choice
of the initial SBP units was based on an average of the optimized SBP units from the
individual treatments (Table 4-1), each pro-rated to the ten-times lower concentration
employed and in mix-5.

The results are shown from Figure 4-26. The range finding

experiments showed removal of acetaminophen at all the pH points below protocols’ LOQ.
This indicates high SBP activity can undo pH limitations for acetaminophen
oligomerization. Since substrate removal is dependent upon enzyme-substrate interaction
(Cheng and Harper Jr 2012), it is thought the high SBP activity used provided ample
enzyme available for substrate interaction, hence the exhaustive conversion of
acetaminophen.
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Fig. 4-26. pH optimization for removal of mix-5 – range finding. Reaction conditions: 0.1
mM each of the 5 compounds, 40 mM buffer pH 3.6 - 10, 0.9 U/mL SBP and 1.0 mM
H2O2 for 3 h.

Considering the amount of SBP in mix-5 is 150 times more than was used to attain ≥95%
removal (Fig.4-16) in single-compound studies, the complete removal of acetaminophen is
expected. There is sharp increase in removal efficiency between pH 4.0 and 6.0 for four of
the compounds and a steep decline in removal efficiency for the same compounds after pH
7.0. A similar pattern was observed for the single compounds. The difference between the
least and highest removals for the five compounds at pH 6 and 7 was 46% and 57%,
respectively. Therefore, for subsequent studies in a narrow range, pH 5.5 – 7.5 was chosen.
Since 0.9 U/mL SBP could not establish stringent conditions for PHBA and Acet,
subsequent studies were carried out with reduced amounts of SBP to observe for
stringency.
The removal of mix-5 was studied at reduced SBP dose of 0.6 U/mL (Figure 4-27). With
the inclusion of pH 6.5, the removal was observed to be highest at pH 6.0 and 6.5. These
two pH points are prospective optima points for mix-5 treatment. The three parabens
clustered far above the baseline indicating increasing difficulty to treat these compounds
in the presence of limiting SBP. Since 0.6 U/mL was not stringent for PHBA and
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acetaminophen, a further reduction in SBP activity to observe enzyme stringency was done
at 0.3 U/mL and 0.1 U/mL, as shown in Figure 4-28 and 4-29, respectively.
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Fig.4-27 pH optimization of mix-5 – narrow range. Reaction conditions: 0.1 mM each of
the
compounds, 0.6 U/mL SBP, 1.0 mM H2O2, 40 mM phosphate buffer for 3 h.
Results presented as mean±SD where error bars represent the SD of triplicate
determinations.

At 0.3 U/mL, (Figure 4-28) this SBP activity was stringent for all compounds except
acetaminophen, which is expected, being 50 times more than the activity used to obtain
≥95% removal of the single compound at 1.0 mM. The differences between the highest
removed and least removed compounds, being acetaminophen and MP at pH 6.0 and 6.5
were 82.5% and 83.7%, respectively. There was a relatively steep gradient between pH 6.0
and pH 6.5 for PHBA, while other compounds maintained a similar removal level. This
removal difference was 3.5%. This small difference may imply the process can proceed at
either of these two pH points. Although the acceptable pH range for discharge of treated
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Fig.4-28 pH optimization of mix-5: Narrow range with reduced amount of SBP. Reaction
conditions: 0.3 U/mL SBP, 0.1 mM of each compound, 1.0 mM H2O2, 40 mM phosphate
buffer for 3 h. Results presented as mean±SD where error bars represent the SD of
triplicate determinations.

wastewater effluents is pegged between 6 and 8.0 (Metcalf and Eddy 2014), the closer the
effluents are to the neutral pH, the better for the receiving water bodies. The previous
studies (except for acetaminophen) were carried out at pH 6.5, therefore, to have basis for
comparison, mix-5 is better studied at similar pH with the majority of the compounds
(Table 4-2). Pylypchuk et al. (2018) reported the laccase-catalyzed binary treatment of
acetaminophen and diclofenac was successfully done at pH 7.0. From another report, Hachi
et al. (2017) studied immobilized laccase mediated simultaneous treatment of
acetaminophen and carbamazepine (CBZ) at pH 4, 7 and 10 and reported highest removal
was achieved at pH 7.0. These results agree with the present study.
Further reduction in SBP amount to 0.1 U/mL showed decline in removal of all compounds
except acetaminophen (Figure 4-29). At both pH 6.0 and 6.5, PHBA became the second
least removed compound, taking the place of PP in previous instances (Figures 4-26 to 428). It has been reported the removal of recalcitrant substrates is enhanced in the presence
of susceptible substrates (Hachi et al. 2017). The rate of oligomers formation is dependent
upon the radical formation step and not on the frequency of radicals’ collision (Wang et al.
2018, Cheng and Harper Jr 2012). Thus, it is thought with very little activity of enzyme
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present, the competition for the enzyme is heightened against PHBA. Although this is a
complex process, Xiang et al. (2020) studied 4-chlorophenol, BPA and nonylphenol (NP)
and reported mixed radicals from these compounds preferentially cross-coupled rather than
self-coupling, a process which improves the overall removal of the individual compounds.
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Fig. 4-29 pH optimization of mix-5 – narrow range with further reduced amount of SBP.
Reaction conditions: 0.1 U/mL SBP, 0.1 mM each of the compounds, 1.0 mM H2O2, 40
mM phosphate buffer for 3 h. Results presented as mean±SD where error bars represent
the SD of triplicate determinations.

Since less of the other compounds were oxidized here than at 0.3 U/mL (Fig. 4-28), crosscoupling may have been reduced for PHBA, owing to decline of radicals of the other
compounds. Since PHBA is very poor at self-coupling because of the carboxylate group
on the benzene ring (Xu et al. 1995), this lower removal could be expected. Under very
stringent SBP conditions, the rate of acetaminophen reaction was faster than the rest of the
compounds since the enzyme available was still 17 times more than required to achieve
≥95% removal of 1.0 mM acetaminophen as observed in single compound treatment. This
could be a disadvantage, if the other compounds have an incomparably slower rate of
reaction, which is thought to be the case. This may not have influenced the removal of the
other compounds as it was observed when 0.3 U/mL SBP was used (Figure 4-28), thereby
heightening the competition between the remaining four compounds.
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At approximately pH 5.5, Kamal and Behere (2003) reported two occurrences aiding
maxima catalytic ability of SBP against ABTS. Firstly, solvent exposure to delta-meso
heme edge is more than at any other pH. Secondly, the reduction of beta-strands and betaturns in the secondary structure of SBP is maximal, making the heme more exposed to
reaction solvent and increasing the overall conformational flexibility of the protein. The
one logarithmic unit above the reported pH 5.5 observed in this study may be attributed to
the acid-base chemistry properties of the phenolics studied. In another study, SBP-based
oligomerization of phenolics was shown to be highest at pH 6.4 and more than 90% activity
was recorded between pH 5.7 and 7.0 (Wright and Nicell 1999), which agrees with the
present study. However, Geng et al. (2001) used guaiacol to assay for SBP activity and
reported optimal catalytic activity at pH 6.0. Considering these different reports, its
plausible to state there is pH range within which SBP catalysis is highest, not at a single
pH for all substrates.
The optimal pH of 6.5 was used for subsequent experiments. To attain similar total
substrate concentration in solution as in the single-compound studies, the individual
substrate concentrations were increased to 0.2 mM, for a total of 1.0 mM. Having the pH
optimum of mix-5 at pH 6.5, it was hypothesized peroxide and enzyme requirement may
also follow a similar manner. Thus, the optimal requirements for the individual treatment
of the compounds were pro-rated and used for further studies, with adjustments to
accommodate above and below this pro-rated value. Based on this, peroxide requirement
was set for 1.46 mM, pending the experimental optimization. Wide-range SBP
optimization (Figure 4-30), was done between 0.98 U/mL to 2.18 U/mL. Acetaminophen
was removed below LOQ, while PHBA was less than 5% of initial 0.2 mM for most of the
SBP activities used. This indicates susceptibility of these two compounds to
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Fig. 4-30 SBP optimization of mix-5 – range finding. Reaction conditions: 0.2 mM of
each component of mix-5, 1.46 mM hydrogen peroxide, 40 mM phosphate buffer at pH
6.5 for 3 h.

oligomerization at the experimental conditions. Based upon these findings, a narrow
range of 1.18 U/mL and 1.58 U/mL was used for further studies, as shown in Figure 4-31.
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Fig. 4-31 SBP optimization of mix-5 – narrow range. Reaction conditions: 0.2 mM of
each component of mix-5; 1.46 mM hydrogen peroxide, 40 mM phosphate buffer at pH
6.5 for 3 h. Results presented as mean±SD where error bars represent the SD of triplicate
determinations
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Diminishing increases in removal efficiency with increasing SBP are thought to be due to
accumulation of polyphenolic precipitates which were formed. All the parabens show
poorer removal than when they were treated singly. This could be due to decrease in the
organic solvent which was only about 1.75% v/v of the solvent composition. Although this
is higher than the 1.25 % v/v used for MP single treatment, the presence of the PP and BP
caused more precipitates to accumulate since these are less soluble than MP. Since the
removal plot flattened between 1.38 U/mL and 1.48 U/mL and considering the minimum
amount of SBP is desired for use to save process cost, 1.38 U/mL was chosen for further
studies.
Wide-range peroxide optimization was done between 1.06 mM and 1.76 mM (Figure 432). The removal pattern was like previous mix-5 optimizations, following from most
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Fig. 4-32 Hydrogen peroxide optimization of mix-5 – range finding. Reaction conditions:
1.38 U/mL SBP, 0.2 mM of each component of mix-5, 40 mM phosphate buffer pH 6.5
for 3 h.
removed to least removed as Acet>PHBA>BP>PP>MP. Highest removal was observed at
1.36 U/mL. Based on this, an array between 1.16 mM and 1.56 mM was chosen for narrow
range optimization, Figure 4-33. The removal process stabilized between 1.36 mM and
1.46 mM, expected to the optimal range. The decline in removal efficiency between the
last two points of the paraben curves may be due to excess peroxide. Since the substrates

99

35
30

% rem

25
Acet

20

PHBA
15

MP
PP

10

BP
5
0
1.06

1.16

1.26

1.36

1.46

1.56

1.66

H2O2 concn. (mmol)

Fig. 4-33 Hydrogen optimization of mix-5 – narrow range. Reaction conditions: 1.38
U/mL of SBP, 0.2 mM of each component of mix-5, and 40 mM phosphate buffer pH
6.5 for 3 h. Results presented as mean±SD where error bars represent the SD of triplicate
determinations
are still plentiful, it may not be due to lack of substrate which, Valderrama et al (2002)
reported may trigger inactivation of SBP. Although PHBA appears to have a removal
decline, this is less than 2% and may be considered insignificant.
Reduced solubility of polyphenolic precipitates owing to reduced organic solvent
composition for PP and BP may be responsible for their decreased removal, compared to
the single treatments. In a mixed system, competition is created and since removal rate
depends on enzyme-substrate interaction (Xiang et al. 2020), poorly interacting substrates
may suffer reduced access to the enzyme thereby halting their removal rates.
Residual analysis (results not shown) showed about 10% of supernatant SBP and less than
5% peroxide thus warranting an increase from the pair of 1.46 mM and 1.38 U/mL, in
Figure 4-33. Since peroxide and SBP can limit the oligomerization process, a need to
ensure more of supernatant residual SBP and peroxide is justified. Among several pairs
tested, that of 1.56 mM and 1.43 U/mL gave supernatant residual SBP of 16.6±2.6% and
peroxide at 5.1±0.1%. Triplicate removal studies were conducted at 3 hours and 5
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hours (Appendices E-1 and E-2). This increase did not cause the anticipated improvement
in removal efficiency for MP and PP. This implies the polyphenolic precipitate formed
may be the major source impeding further removal of MP and PP. This underscores mixed
effect where cross-coupling was favored over self-coupling may enhance the removal of
recalcitrant compounds over single treatment process, to the extent they are able to access
the enzyme. This agrees with Xiang et al. (2020) and Pylypchuk et al. (2018) who also
reported enhanced substrate removal in mixed systems than in single systems.
Another option was to double the reaction time and monitor the removal efficiency (Figure
4-34). While the curves for MP and PP flattened out over the additional three hours, BP
gained a further removal of 9.27% between the 3rd and 5th hours and
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Fig.4-34 Effects of extended incubation time on mix-5 removal. Reaction conditions: 0.2
mM each of the constituent compounds, 1.43 U/mL of SBP, 1.56 mM hydrogen
peroxide, and 40 mM phosphate buffer pH 6.5 for 3 h. Results presented as mean±SD
where error bars represent the SD of triplicate determinations

thereafter flattened out. Under stringent conditions, BP may be more susceptible for SBP
than MP and PP hence its increased removal over time.
Since the removal rate attained is less than target 95% for the MP and BP, further
investigations were needed to achieve the target. Residual studies for SBP and peroxide
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from varying the amounts of SBP and peroxide were carried out along with incremental
additions of peroxide, and centrifugation.
In conventional treatment, coagulation/clarification maybe employed to separate sediments
or dissolved substances from water and further clarify it for treatment. Therefore,
centrifugation was adopted to speed up the process over natural settling under gravity. The
supernatant was collected and following from predetermined residuals of the compounds,
SBP and peroxide, additional SBP activity and aliquot of peroxide were provided, in a
similar ratio as at the beginning. This was incubated for another three hours and the removal
was monitored. This technique was able to drive the removal of PP and BP to ≥95% while
MP was at about 94% (Figure 4-35). This shows the role of polyphenolic
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Fig.4-35 Effect of centrifugation, extended incubation time, and additional SBP and H2O2
on removal of mix-5. Reaction conditions: 0.2 mM each of the constituent compounds,
1.43 U/mL of SBP, 1.56 mM hydrogen peroxide added at pre-determined 4 points
intervals. Reaction mixture was taken at respective time points and quenched with
catalase and analyzed. Results presented as mean±SD where error bars represent the SD
of triplicate determinations
precipitates as enzyme immobilizers which arrest further catalysis leading to reduced
compound removal efficiency. Since peroxide is the major driver of the peroxidase cycle
via conversion of resting state SBP to compound I, it may control the rate of the reaction.
Moreover, Silva et al. (2013) reported improved removal of SBP catalyzed treatment of
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CECs following incremental additions of peroxide. This is thought to control the rate of
polyphenolic precipitates formation and may improve the removal efficiency. Therefore,
two incremental peroxide-addition approaches were adopted, by adding a quarter aliquot
of the optimized peroxide dose at 22-min (Figure 4-36) and at 44-min (Figure 4-37)
intervals. The longest unnormalized half-life in single-compound study was 17.0±1.5 min,
(Table 4-4), so this time was chosen to ensure each of the compound would have, in
principle attained its half-life before receiving a new dose of the peroxide.
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Fg.4-36 Effect of incremental addition of hydrogen peroxide after at the longest half of
the individual mix-5 component – reaction conditions: 0.2 mM each of the constituent
compounds, total peroxide concentration was 1.56 mM and 1.43 U/mL, 40 mM
phosphate buffer pH 6.5. Results presented as mean±SD where error bars represent the
SD of triplicate determinations

Controlled addition of peroxide improved the removal efficiency of the recalcitrant
compounds. A comparison of the remaining compounds following different treatment
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Fig. 4-37 Effect of incremental addition of hydrogen peroxide at twice the longest half of
the individual mix-5 component– reaction conditions: 0.2 mM each of the constituent
compounds, total peroxide concentration was 1.56 mM and 1.43 U/mL, 40 mM
phosphate buffer pH 6.5. Results presented as mean±SD where error bars represent the
SD of triplicate determinations
protocols are illustrated in Table 4-2. In the twice-longest half-life, 87%, 94% and 97%
Table 4-2: Summary of % remaining of MP, PP and BP under three different treatment
conditions
Time(h)/
Straight reaction
Incremental H2O2 Incremental H2O2
treatment
course
at longest half-life
at twice longest
half-life
MP

PP

BP

MP

PP

BP

MP

PP

BP

3

26.2

12.5

18.1

4.90

2.90

1.60

12.8

5.89

2.90

4

26.0

7.64

18.6

4.86

2.50

1.08

6.57

2.58

1.00

5

26.7

3.22

18.6

4.17

1.97

1.30

6.43

2.57

1.04

6

26.7

2.93

19.7

4.25

2.15

1.42

6.39

2.52

0.79

Reaction conditions: 0.2 mM of each component of mix-5, 1.43 U/mL SBP, total of 1.56
mMH2O2 in 40 mM phosphate buffer pH 6.5.
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removal were achieved at 3 h for MP, PP and BP, respectively, compared to 74%, 88%,
and 82%, respectively when the reaction was run with single peroxide addition at time zero.
Incremental addition of peroxide is thought to improve compounds removal by limiting
profuse polyphenolic precipitates formation at the start of the reaction but allowing it to
accumulate gradually over time. This helps by enhancing the amount of free enzyme
available that continues to undertake catalysis and does not become entrapped by the
precipitate solid matrix. According to Nicell (1991) the protective effect of borate on HRP
is its ability to prevent the precipitation of its polymeric reaction products. Alternatively,
it may be that excess amount of peroxide at the start of the reaction may rather lead to
inactivation of the enzyme either through formation of the catalytically inactive compound
III or by facilitating enzyme suicide inactivation of SBP.
To illustrate the gain in compound removal in different treatment protocols, the traditional
single addition of reactants was compared against the incremental addition of peroxide,
either at longest half-life or at twice of longest half-life (Table 4.3). The results show
enhanced removal efficiency by incremental addition of peroxide.

Table 4-3: Summary of % improvements in parabens removal efficiency between different
treatment processes.
Time(h)/ Incremental H2O2 at longest
treatment half-life

Incremental H2O2 at twice
longest half-life

MP

PP

BP

MP

PP

BP

3

21.3

9.6

16.5

13.4

6.60

15.4

4

21.6

5.14

17.5

19.4

5.10

17.6

5

22.5

1.25

17.3

20.3

0.70

17.6

6

22.2

0.780

18.2

20.3

0.40

18.9

Reaction conditions: 0.2 mM of each component of mix-5, 1.43 U/mL SBP, total of 1.56
mM H2O2 in 40 mM phosphate buffer pH 6.5.

Mashhadi (2019) reported 5% increase in removal efficiency when peroxide was added
incrementally compared with single-dose addition at time zero for treatment of 1.0 mM
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2-aminothiazole. This approach also reduced optimal peroxide requirement from for the
compound from 2.0 mM in single addition to 1.5 mM in incremental addition. This
improved removal with reduced peroxide input could be of great economic gain in
industrial processes where unit cost could be enhanced by lower materials consumption.
However, the same author reported for similar concentrations of 3-aminopyrazole and 3aminoquinoline, incremental addition of peroxide did not reduce peroxide requirement but
improved compound removal efficiency by 5% and 4%, respectively. The requirements
must be experimentally determined since chemical properties of compounds may
determine their enzyme-substrate interactions and consequently their removal efficiencies.
Generally, between 5 and 10% increased removal efficiency can be achieved from
incremental addition of peroxide over single addition (Mashhaddi 2019). However, in this
study removal efficiencies were observed between 0.4% to 23% owing to incremental
peroxide addition over single addition. This difference could be due to the peculiar
chemical properties of the compounds studied, the extent and nature of precipitates formed,
and the timing of the incremental peroxide addition.
The effect of incremental addition of peroxide on the removal pattern of compounds can
be compared between Figure 4-36 and Figure 4-37. In both cases, acetaminophen and MP
are the most and least removed compounds, respectively. However, with limiting
concentration of peroxide, BP and PP appear to be easier removed than PHBA. This was
noticed earlier when limiting SBP was used at 0.1 U/mL (Figure 4-29) and possible
explanations were provided which are also applicable in this situation. It is plausible to
reason, the enhanced removal of PHBA is dependent upon the removal of PP and BP. This
is because at 22 minutes, PHBA is about 60% remaining while BP is about 38% remaining.
At 44 minutes, less than 6% of PHBA is remaining while there is only a slight increase in
removal efficiency between 22 and 44 minutes for PP and BP, a sharp contrast to what is
observed in the first 22 minutes of the reaction (Figure 4-36). This removal pattern at 44
minutes agrees with the observation in Figure 4-37. For a poorly removed compound such
as PHBA, the presence of other aryl radicals other than its kind in solution is thought to
have increased the oligomerization of PHBA via cross-coupling thereby increasing its
removal efficiency sharply between 22 and 44 minutes. Alternatively, it may be that PHBA
oligomerization is enhanced only when there is reduced competition for the enzyme from
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these competing substrates. This is reasonable considering at 22 minutes, 84%, 72% and
58% of acetaminophen, BP and PP had been removed (Figure 4-36) which would reduce
the competition for the substrate thereby increasing the chances of PHBA-enzyme
interaction, a critical step in catalysis.
Single peroxide addition has proved less effective in treating the mix-5 compounds than
the incremental dose even over increased reaction time (Table 4-3). Between the two
incremental routes, addition of peroxide at about half-life time of the longest compounds
showed greater removal efficiency at 3 hours, 4 hours and at 6 hours than incremental
dosing at about twice the longest half-life. The set target was to achieve ≥95% removal at
3 h for all compounds. This may have been achieved with incremental peroxide addition
at 22-minutes, but not at 44-minutes. At 6 hours, the average remaining of the recalcitrant
compounds was 2.61% and 3.23% for incremental peroxide addition at about half-life and
at about twice half-life, respectively. Although the latter fails to meet the set removal
standard, the difference in the average total compounds remaining is minimal, and maybe
considered negligible.
For treatment of the mix-5, it may be concluded the incremental addition of peroxide is
better than single dosage. These incremental additions may be better done based on the
individual compounds’ reaction rates, which gives an informed decision of how spacing
the incremental peroxide dosage could be achieved. For the incremental peroxide addition,
removal efficiency is of the decreasing order of Acet>>PHBA>BP>PP>MP which may be
attained at the above 95% removal target for each compound at 3 h.

4.5 Time Course Studies – Single-Compound and mix-5
The removal reactions were studied over a 3-h time course. The choice of this time is a set
laboratory standard which enables comparison with previously studied compounds within
the group, rather than any particular industrial practice. In conventional wastewater
treatment, holding time determines the size of treatment reactors, to cater for prolonged
storage thereby influencing overall cost, and vice-versa for short treatment times.
Therefore, short holding time is desirable if complete treatment could be achieved within

107

such a time. Targeting 95% removal within 3-h is also a deliberate research goal to improve
on cost-efficiency of industrial wastewater treatment processes.

Removal rates can be understood in the context of reaction kinetics, especially for
comparison sake, since different reaction conditions are obtainable for the singlecompound treatments. Typically, the initial removal of substrates follows pseudo-firstorder kinetics, assuming the concentrations of the enzyme and peroxide are constant
through some period of the observation. However, for a complete time course under
optimized conditions, it is expected that first-order behavior would be lost due to depletion
of enzyme and/or peroxide concentration (Feng 2013 and Dunford 1999). Depletion of
enzyme activity may be attributed to the production of polyphenolic precipitates that trap
the SBP leading to its loss of specific activity and/or making it unavailable for further
catalysis (Feng et al. 2013), while peroxide is consumed during the reaction (Wagner and
Nicell 2002, Nakamoto and Machida, 1992).
First-order law is defined by the differential rate law as
𝑅𝑎𝑡𝑒 = −

𝑑[𝑆]
𝑑𝑡

= 𝑘[𝑆]

(i)

Where:
k = rate constant of first-order chemical reaction
[S] is the concentration of the reactant or substrate
𝑑[𝑆]
𝑑𝑡

represents the change in the concentration of the substrate over time

By rearranging and integrating (i) above,
𝑙𝑛[𝑆] = 𝑙𝑛[𝑆]0 − 𝑘𝑡

(ii)

[S]0 is the initial substrate concentration and
[S] is substrate concentration at time, t, along the time course of the reaction
By this, the rate constant of the reaction is the slope of the plot of ln[S] against time,
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At 𝑡 = 𝑡1 ,
2

Equation (iv) in terms of the half-life can be expressed as
𝑡1 =

0.693

(iii)

𝑘

2

Therefore, the time required for half the initial concentration of the reactant to be degraded
can be calculated from (iii), provided k is known. These equations were employed to
determine initial rate constant, k, and half-lives from the time-course plots.
Time course plots for the respective compounds are shown in Figures 4-38 to 4-42. Except
for BP, all other compounds observed initial reaction rates comparable with traditional
first-order chemical reaction model. For BP, about 20% of the compound was removed in
the first minute of the reaction. All compounds could not be fit through the whole timecourse into a first-order model, for reasons earlier advanced.
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Fig. 4-38 Time course for 1.0 mM acetaminophen under optimized conditions of pH 8.0,
0.006 U/mL SBP, 1. 3 mM peroxide. Solid line represents exponential function fitting by
linear regression analysis to the semi-ln version using the initial reaction time points
corresponding to first-order behavior. Parameters thus are plotted for the exponential
function (r2 noted). Dotted line represents smooth joining of experimental data points.
Data presented as mean±SD of triplicate determinations.
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Fig. 4-39 Time course for 1.0 mM PHBA under optimized conditions of pH 6.5, 1.5
U/mL SBP, 2.0 mM peroxide. Solid line represents exponential function fitting by linear
regression analysis to the semi-ln version using the initial reaction time points
corresponding to first-order behavior. Parameters thus are plotted for the exponential
function (r2 noted). Dotted line represents smooth joining of experimental data points.
Data presented as mean±SD of triplicate determinations.
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Fig. 4-40 Time course for 1.0 mM MP under optimized conditions of pH 6.5, 2.3 U/mL
SBP, 1. 4 mM peroxide. Solid line represents exponential function fitting by linear
regression analysis to the semi-ln version using the initial reaction time points
corresponding to first-order behavior. Parameters thus are plotted for the exponential
function (r2 noted). Dotted line represents smooth joining of experimental data points.
Data presented as mean±SD of triplicate determinations.
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Fig.4-41 Time course for 1.0 mM PP under optimized conditions of pH 6.5, 1.4 U/mL
SBP, 1. 15 mM peroxide. Solid line represents exponential function fitting by linear
regression analysis to the semi-ln version using the initial reaction time points
corresponding to first-order behavior. Parameters thus are plotted for the exponential
function (r2 noted). Dotted line represents smooth joining of experimental data points.
Data presented as mean±SD of triplicate determinations.
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Fig.4-42 Time course for 1.0 mM BP under optimized conditions of pH 6.5, 1.4 U/mL
SBP, 1. 15 mM peroxide. Solid line represents exponential function fitting by linear
regression analysis to the semi-ln version using the initial reaction time points
corresponding to first-order behavior. Parameters thus are plotted for the exponential
function (r2 noted). Dotted line represents smooth joining of experimental data points.
Data presented as mean±SD of triplicate determinations.
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To facilitate comparison among the compounds and with previously published works, rate
constants were normalized by dividing each individual compounds’ rate constant by the
dimensionless value of the activity of SBP (in U/mL) used for its optimization (Table 4-1).
Half-lives were normalized by multiplying the determined compound’s half-life by the
amount of enzyme used for the reaction. The calculated parameters for single-compound
treatments are summarized in Table 4-4.
Table 4-4 Summary of chemical reaction kinetics for single-compound studies
Compound k (min-1)

𝑡1 (min)
2

Normalized k
(min-1)

Normalized
𝑡1 (min)
2

Acet

0.0408±0.0035 17.0±1.5

6.80±0.58

0.100±0.009

PHBA

0.0444±0.006

15.6±2.1

0.030±0.004

23.4±3.2

MP

0.0660±0.007

10.5±1.1

0.029±0.003

24.2±2.6.

PP

0.0558±0.0046 12.4±1.0

0.040±0.003

17.4±1.4

BP

0.0636±0.0174 10.9±3.0

0.045±0.012

15.2±4.2

Normalized k in the single-compound studies is in the order of Acet>>BP≈PP>PHBA≈MP
while normalized half-lives are in the increasing order of Acet<<PP≈BP<PHBA≈MP. The
normalized rate constant for acetaminophen was 150 times higher than the next compound,
BP, and at least 230 times faster than the last compound, MP, highlighting the fast removal
of the compound. Mashhadi (2019) reported normalized half-lives (min) for the same SBP
preparation of 1.19, 5.0, 6.06, 7.7, 11.3, 108, and 3240 for 3-hyroxyquinoline,
hydroxybenzotriazole, 4-AAP, 2-aminoimidazole, indole, 2-aminobenziimidazole and 2aminobenzothiazole, respectively. Kaur et al. (2020) reported normalized half-lives for the
same SBP preparation of 0.048 and 0.0097 min for CI Methyl Orange and p-anisidine,
respectively. Although most of these compounds are mainly anilino aromatic heterocyclics
(except 3-hydroxyquinonoline), their single functional groups make them merit a
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comparison. Normalized rate constants and half-lives for the parabens and PHBA are
similar, suggesting a similar treatment regimen can be employed for these structurally
related compounds. The relative ease of acetaminophen treatment points to its ease of
removal, in relation to the parabens. The derived rate constants are reasonably precise
(r2=0.85 for BP, others above 0.90; values ±(8 – 15%) for the individual compounds.
The time course plot for the removal of mix-5 within the first two minutes of the reaction
is presented in Figure 4-43. A separate time course study within this initial time was
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Fig.4-43 Time course for mix-5 (0.20 mM each) for first 2 minutes under optimized
conditions of pH 6.5, 1.43 U/mL SBP, 1. 56 mM peroxide. Dotted line represents smooth
joining of experimental data points. Data presented as mean±SD of triplicate
determinations.

necessary to elucidate the rate at which acetaminophen and BP were oligomerized, in
respect to the other compounds. The amount of SBP used in this study is at least 4-fold
over that employed for single treatment, which could account for the fast removal rate
observed. Gomes et al. (2018b) studied the photolysis of PP and BP using mercury lamps
and reported PP was more susceptible to degradation than BP, the reverse of what is
observed in this study. This could be due to the different treatment approach employed for
the studies.
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A 3-hour time course plot for mix-5 is presented in Figure 4-44. Considering the two
figures, produced under the mix-5 optimized conditions developed in Section 4.5 above,
two distinct phases of the reaction may be observed, which may be classified as fast phase
and slow phase. Acetaminophen and BP showed the greatest fast phase, where 95% and
about 55% of the compounds were removed during the first 10 and 20 seconds, respectively
of the reaction (Figure 4-43). Other compounds, PP and MP also had significant removal
within this phase, accounting for 21% and 16% removal, respectively at 20 seconds. PHBA
removal fitted better into the first-order reaction model for the initial reaction course than
MP and PP (Figure 4-44) and its kinetic parameters were calculated within this time, unlike
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Fig.4-44 Time course for mix-5 (0.20 mM each) under optimized conditions of pH 6.5,
1.43 U/mL SBP, 1. 56 mM peroxide. Dotted line represents smooth joining of experimental
data points. Data presented as mean±SD of triplicate determinations

acet and BP, whose half-lives were determined by extrapolating onto the x-axis (time axis)
of Figure 4-43 (not shown) corresponding to 50% removal from the curve. Therefore, these
values are without uncertainties (Table 4-5). The fast reaction phase is thought to be due
to the mixture effect, where the production of acetaminophen radicals might have triggered
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a surge of reaction by indiscriminately attacking other non-oxidized compounds through
radical transfer, leading to the formation of radicals from the less enzymatically reactive
substrates and consequent oligomerization. Wang et al. (2020) reported the role of
phenoxyl radicals in enhancing removal of other phenolics under mixture conditions. The
decline in removal, the slow phase, obviously noticeable for the parabens between 10
seconds (Figure 4-43) and up to 12 minutes (Figure 4-44) is thought to correspond to course
with diminishing radical production from acetaminophen, which could limit radical
transfer and hence removal of these parabens. The kinetic parameters for mix-5 reactions
are summarized in Table 4-5. The normalized rate constant for Acet has apparently reduced
between the single-compound treatment and in mix-5. Acet appears to have lost
Table 4-5 Summary of reaction kinetics for mix-5 under optimized conditions
Compound k (min-1)

𝑡1 (min)
2

Normalized k Normalized
(min-1)
𝑡1 (min)
2

Acet

≥8.32

≤0.0833

≥5.82

≤0.119

PHBA

0.063±0.004

11.0±0.7

0.045±0.003

16.0±1.0

MP

0.0398±0.0179

17.4±7.8

0.0279±0.0125 24.9±11.2

PP

0.0508±0.0298

13.6±7.98

0.0355±0.0208 19.5±11.5

BP

≥2.97

≤0.233

≥2.08

≤0.333

about 15% and has also apparently become slower by 9% when compared between single
treatment and mix-5. Since the uncertainties are not known, this value cannot be wholly
relied upon. This may be due to the different amount of SBP activity units used for the
different treatment conditions. The normalized rate constants for MP and PP are 2-fold
lower in mix-5 than in single treatment, while the normalized rate constant for PHBA has
about 50% gain in the mix-5 over single compound treatment. The normalized half-lives
for MP and PP are apparently very high. This is expected since the r2 value for the fitting
into the integrated rate law was less than 50%, owing to the fast removal in the first 20
seconds followed by the slow removal phase. This entails a reasonable deviation from firstorder behavior within the initial duration of the reaction. BP has a notable increase in
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normalized rate constant of about 47-fold in mix-5 compared to single compound
treatment. Zhang and Colosi (2011) reported similar rate constants between equimolar
phenolics in single-compounds and in mixture treatments. The altered reaction mixture
compositions owing to the optimized parameters under these conditions is thought to be
responsible for the markedly different chemical reaction kinetic parameters observed in
this study.

4.6 Mass spectral evidence for formation of oligomers following SBP treatment
Theoretical prediction of the peroxidase reaction is that the aryl radicals formed diffuse
from the active site of the enzyme into the reaction matrix and couple to form dimers. If
the dimers formed are soluble, they may be substrates for the enzyme and undergo another
catalytic cycle, this time producing a dimer radical which can undergo similar nonenzymatic oxidative coupling until the oligomeric products are insoluble and precipitate
out of solution. This is the selling point of biocatalytic treatment over other AOPs. For
instance, mineralization techniques are associated with formation of DBPs, incomplete
oxidation may lead to more toxic intermediates and even when it is complete, CO2 is
formed increasing the carbon footprint of the WWTP (Hu et al. 2019, Talib and Randhir
2017, Strutt et al. 2009). Conversely, the formation of insoluble oligomers which may be
separated by sedimentation is applauded, as it overrides the downfalls of mineralization
techniques.

Several studies have reported oligomerization of phenolics with varying chain length both
in laboratory based studies using peroxidases (Wang et al. 2020, Lu et al. 2009, Potter et
al. 1985), microbial consortia in natural habitats such as soil (Zhou et al. 2019, Liang et al
2016), in the presence of DOM (Li et al. 2017) and from natural samples such as surface
water (Li et al. 2017) and different soil types (Li et al. 2014). Chlorination of synthetic
wastewater containing a mixture of CECs has also been shown to produce oxidatively
coupled oligomers (dimers) of the constituent compounds (Xiang et al. 2020, Liu et al.
2019). Thus, oligomerization and polymerization are not only limited to enzyme(peroxidase, hydrolases and transferases) based treatment techniques (Kobayashi et al.
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2005), but also other processes employing only chemical treatment (Xiang et al. 2020, Liu
et al. 2019).
Different oxidative coupling patterns have been reported between the participating atoms
(Yu et al. 1994). In a monophenoxyl radical, high unpaired electron densities are associated
with oxygen, ortho and para C-atoms (Ye and Schuler 1989). Therefore, are most favored
for oxidative coupling with similar carbons atoms of the other molecules.
In this study, since o-, o- coupling is the major route (the p-position is blocked) and C-C
coupling predominates over to O-C coupling in peroxidase catalyzed reactions involving
acetaminophen (Lu and Huang 2009), the M/S resolved and identified phenolic oligomers
are presented with C-C oxidative coupling orientation, showing bonding between the two
C atoms ortho to the hydroxyl group between participating molecules. Assignment of
molecular formulae was done after cross matching the experimental m/z peaks to the
theoretical ones within a deviation of 10 ppm, consideration of

13

C isotopes m/z peak

presence and relative ratio to the supposed molecular m/z peak and the use of isotopic
modelling tools. Where published literature is available, the results are also compared to
ensure the highest accuracy is achieved. De Laurentiis et al. (2014) reported acceptable
transformation products following acetaminophen treatment and matched them with the
error limits of between 13 and 20 ppm.
Unlike degradation, these oligomerizations tend to mimic the humification process
observed in natural environments where monomers are oligomerized and the oligomers can
easily bind to DOM or earth surfaces, thereby making it easy for removal or remaining
biologically inactive (Lu and Huang 2009). Contrary to mineralization, this approach helps
to reduce the amount of carbon dioxide that would have been generated (carbon footprint)
from a conventional treatment process, (Strutt et al. 2008) thereby minimizing greenhouse
gas (GHG) effects on the atmosphere.
4.6.1 Acetaminophen
Positive-ion electrospray ionization (ESI+) was employed due to its soft nature on
acetaminophen molecules. Hawavitharana et al. (2008) reported that positive-ion MS for
acetaminophen was successfully implemented and produced a strong signal owing to
protonation of nitrogen of the N-acetyl group. Several authors who employed LC-MS (Liu
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et al. 2019, Wang et al. 2018, De Laurentiis et al. 2014) have reported an analysis for
acetaminophen using this ionization technique. All m/z peaks identified in acetaminophen
mass spectra are in the positive ionization mode and hence protonated. The MS scan of
acetaminophen standard between 50 and 1200 m/z is shown in Figure 4-45. The strong
peak at m/z 179.0936 has been consistent even with blank samples (data not shown),
raising the concerns it may arise from artifacts associated with the preparation process.

Fig.4-45 ESI(+) mass spectrum of acetaminophen

Oligomerization of acetaminophen at the optimized conditions produced evidence of
dimers, trimers, tetramers, both in the reaction precipitate and the supernatant, and a
pentamer in the precipitate. Since the objective of this study was not a quantitative
assessment of the respective oligomers produced, the subject is left beyond the scope of
this work. The products formed are depicted in Figures 4-46 and 4-47, in the full-scan
mass spectra of supernatant and precipitate, respectively. Numbers represent possible m/z
peak for monomer and oligomers.
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Fig. 4-46 ESI(+) mass spectrum of acetaminophen supernatant under optimized conditions

Fig. 4-47 ESI(+) mass spectrum of acetaminophen precipitate under optimized conditions

The oligomers from acetaminophen highlighted in Figures 4-46 and 4-47 are summarized
in Table 4-6. The following pages will highlight the detailed mass spectral results from
Figures 4-48 to 4-55, plausible structures Figure 4-56.
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Table 4-6 Acetaminophen monomer and oligomers following SBP treatment as observed
from precipitate and supernatant
Molecular
formula
Precipitate

M+theo

M+expt

ppm

C8H9NO2

152.0712

152.0725

8.5

C8H8NO2Na

174.0531

174.0531

0.6

C16H16N2O4

301.1188

301.1190

0.7

C16H15N2O4Na

323.1008

323.1008

0.0

C24H23N3O6

450.1665

450.1669

0.9

C24H22N3O6Na

472.1485

472.1478

-1.5

C32H30N4O8

599.2142

599.2141

-0.2

C32H29N4O8Na

621.1961

621.1951

-1.6

C40H37N5O10

748.2619

748.2563

-7.5

C40H36N5O10Na

770.2448

770.2390

-7.5

C8H9NO2

152.0712

152.0721

5.9

C8H8NO2Na

174.0531

174.0532

0.6

C16H16N2O4

301.1188

301.1196

2.7

C16H15N2O4Na

323.1008

323.1012

1.2

C24H23N3O6

450.1665

450.1652

-2.9

C24H22N3O6Na

472.1485

472.1482

-0.6

C32H30N4O8

599.2142

599.2128

-2.3

C32H29N4O8Na

621.1961

621.1947

-2.3

Supernatant
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The focus of the study was to convert monomers to oligomers therefore, the presence of
monomers will be deliberately overlooked, except to note this was also detected in the mass
spectra, indicating a trace residual of the compound in solution. This is justifiable
considering the instrument is sensitive to minute concentrations of ng/L, such signals may
be detected. An exception is where there is a modification of the monomer, in a manner
that differs from what is observed from mass spectrum for the standard samples.
The mass spectrum between m/z 138 and 176 is shown in Figure 4-48, covering the
monomer and a sodium salt of the monomer, represented by peaks 1 and 2, respectively.
The protonated monomer appears at m/z 152.0734 with its 13C peak adjacent to it. Since
the m/z peak at 174.0533 was not observed in the standards’ mass spectrum prepared with
deionized water only (Fig.4-45 insert), it is thought to be a modification of the monomer
owing to the presence of Na+ in solution, arising from the use of sodium phosphate buffer.
This peak is assigned the molecular formula C8H9NO2Na and is correct to an error of 1.1
ppm for the molecular ion (unlike the insert peak at m/z 174.0901 which has an error of
211 ppm). Its proposed structure is presented in Figure 4-56 (a). The presence of a sodiumoligomer salt ion, all resolved within less than 5 ppm error margin is observed for all the
identified oligomers, except pentamer where the corresponding m/z peak displayed poor
signal strength. The presence of this group is thought to contribute to the solubility of the
oligomers at pH 8, considering the pka of these compounds is between 8.4 and 9.4, even
the tetramers of acetaminophen were found present in the supernatant, with appreciably
high ion intensity. Perhaps the use of an alternate buffering system within this pH range
that does not have a sodium cation, such as Tris buffer may prove if the supernatant may
still contain oligomers up to tetramers, to account for the effect of the phosphate buffer on
the solubility of the oligomers.
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Fig. 4-48 ESI(+) mass spectrum of acetaminophen supernatant under optimized conditions
showing monomer and its sodium salt

In Figures 4-49 and 4-50, the m/z peaks designated 1 both correspond to acetaminophen
dimer, obtained from the precipitate and supernatant, respectively and assigned the
molecular formula C16H16N2O4. The m/z peaks tagged 2 are assigned the molecular
formula C16H15N2O4Na representing the sodium salt of the dimer. The proposed molecular
structures are shown in Figures 4-56 (b) and (c), respectively.
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Fig. 4-49 ESI(+) mass spectrum of acetaminophen precipitate under optimized conditions
showing dimer and its sodium salt

Fig. 4-50 ESI(+) mass spectrum of acetaminophen supernatant under optimized conditions
showing dimer and its sodium salt

Figures 4-51 and 4-52 represent the mass spectra in the trimer range for the enzymatic
precipitate and supernatant, respectively. The m/z peaks assigned 1 in both figures
represent the protonated trimer, which is assigned the molecular formula C24H24N3O6 while
the

13

C isotope peaks are designated 2. The peaks designated 3 appear to be the
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unprotonated m/z peak for the trimer sodium salt ions, with the molecular formula
C24H23N3O6Na and showing a deviation of -0.6 ppm and 1.5 ppm, for Fig.4-56 and 4.57,
respectively, further rationalizing these formula assignments. The m/z peak marked 4 is
thought to be a protonated trimer sodium salt ion and while m/z peak 5 may be the

13

C

isotopic peaks of the trimer sodium salt ions. The proposed molecular structures for the

Fig. 4-51 ESI(+) mass spectrum of acetaminophen precipitate under optimized conditions
showing trimer and its sodium salt

Fig. 4-52 ESI(+) mass spectrum of acetaminophen supernatant under optimized conditions
showing trimer
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trimer and its sodium salt ion are presented in Figures 4-56 (d) and (e), respectively. The
protonation of molecular ions is not complete, leading to the appearance of unprotonated
molecular ion peaks observed here.
The tetramers formed are shown in Figures 4-53 and 4-54, for precipitate and supernatant,

Fig. 4-53 ESI(+) mass spectrum of acetaminophen precipitate under optimized conditions
showing tetramer and its sodium salt

Fig. 4-54 ESI(+) mass spectrum of acetaminophen supernatant under optimized conditions
showing tetramer and its sodium salt
respectively. The peaks numbered 1 in both figures represent the protonated tetramer
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molecule, assigned the molecular formula C32H30N4O8, while the adjacent peaks numbered
2 both correspond to tetramer sodium salt ion, assigned the molecular formula
C32H29N4O8Na. The corresponding proposed structures are presented in Figures 4-56 (f)
and (g), respectively.
In Figure 4-55, peak 1 represents the protonated pentamer, and is assigned the

Fig. 4-55 ESI(+) mass spectrum of acetaminophen precipitate under optimized conditions
showing pentamer and its sodium salt

molecular formula C40H37N5O10. The peak labelled 2 corresponds to the protonated
sodium-pentamer salt ion and is assigned the molecular formula C40H36N5O10Na. The
proposed molecular structures for these peaks are shown in Figure 4-56 (h) and (i),
respectively.
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Fig.4-56 Proposed structures of acetaminophen modified monomer and oligomers formed
following SBP treatment under optimized conditions.

4.6.2 Structural isomerism in acetaminophen oligomerization
The phenol oxidative coupling pattern advanced by Yu et al. (1994) supports the basic
understanding of how an unpaired electron would resonate around the ring, as also
supported by Ye & Schuler (1989). Thus, in terms of regiochemistry, the coupling products
shown conform to the ortho-carbons as being the most likely points of connection (due to
radical spin density delocalization), but the ring connections could also have been drawn
as O-C couplings (indistinguishable by MS). However, the structural formulae of enzymegenerated acetaminophen oligomers as reported by others (Pylypchuk et al. 2018, Lu et al.
2009, Potter et al. 1985) have suggested (evidence discussed below) the involvement of
other atoms in the ring, Figure 4-57, structure (a) is conventional, structure (c) is
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unconventional in its involvement of amide-nitrogen, where an amide itself has nitrogen
lone-pair electron density delocalized away from the ring and onto the carboxyl oxygen..

Fig.4-57 Oxidative coupling pattern of acetaminophen molecules under enzyme catalyzed
reactions. (a) o-o′ - diacetaminophen, (b) o-m′ diacetaminophen and (c) o-N
diacetaminophen

Porter et al. (1985) extensively reported on the methodologies employed in elucidating the
structural formulae of these isomers. In their report, Lu et al. (2009) employed
semiempirical calculations to determine the spin density (e/Å3) and charge density (e/Å3)
to illustrate the tentative coupling pattern an acetaminophen radical would undertake, as
reproduced in (Figure 4-58).

Fig.4-58 Semiempirical calculations of the distribution of spin and charge densities in an
acetaminophen radical. Minor differences between values of C3 and C5, C2 and C6 are
due to asymmetry of this particular molecular configuration. These pairs of carbon atoms
are equivalent microscopically with mixtures of configurations (Source: Lu et al. 2009)
Based on these results, Lu et al. (2009) concluded:
a. the single electron is most likely to be distributed on the carbon atoms of the benzene ring,
the hydroxyl oxygen and the nitrogen atoms.
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b. Considering both charge and spin, the unsubstituted C-atoms (at 2,3,5,6) hold greater
prospects for coupling, while the oxygen of OH and N of amido group may also be able to
partake in coupling, according to radical coupling mechanism,
c. All the possible coupling sites are partially negatively charged with O and N having the
highest, and high charge density makes it kinetically less favorable for an incoming atom,
d. Since C3 possess the lowest charge, it may be the most probable site for two acetaminophen
radicals to couple forming a 3-3′ coupling species. However, this does not exclude the
possibility of bond formation at other potential sites.
These arguments account for the most often oxidative coupling observed between o,o′coupling observed in acetaminophen oligomers. Being oxidative coupling, two hydrogen
atoms are lost one from each of the participating monomers. Mass spectroscopy cannot
distinguish among isomers. Lu et al. (2009) used HPLC/MS to separate the o-, m′ dimers
from the o-, o′ ones, coupled ones, due to their differential retention times in a reversephase column. From chromatogram analysis based on peak height, the former may
constitute about 5% of the total dimers formed in the reaction mixture. This illustrates
kinetically favorable condition(s) towards o-o′ – coupling over the o-m′. The o-N′ coupling
product was estimated at 1% of total products formed (Pylypchuk et al. 2018, Lu et al.
2009).
Since most of the oxidative coupling is o-o′-, this report has adopted it as the conventional
coupling pattern and all proposed structural formulae of oligomers are represented in this
manner. The reader is however informed that other coupling patterns for oligomers of the
treated CECs are possible. Determining the exact molecular formula was not an objective
in this study, hence the proposed structures may not be exact if subsequent structural
formula analysis (by NMR, for example) showing regioselectivity of the coupling groups
are conducted on the molecules.
Based on the oligomers observed in the MS analysis, a mechanism for SBP-catalyzed
oligomerization for the formation of each identified oligomer has been proposed (Figure
6-59).
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Fig. 4-59 Proposed mechanism of SBP-catalyzed oligomerization of acetaminophen.
Numbers indicate the oxidative coupling route for the formation of the oligomers.

Above mass spectral analysis illustrated the oligomers formed both in precipitate and
supernatant. As seen, there were not large differences, thus, following from here, and
unless otherwise stated, either of these phases’ products will be shown, depending on which
phase exhibited the highest degree of oligomerization, or which oligomer formed showed
the least deviation from the theoretically derived m/z peak value. In anticipation of the
mixture studies and the need to minimize sample preparation yet obtain good analytical
mass spectra and more hydrophobic oligomers due to the higher Kow of the parabens
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relative to acetaminophen, there was a switch in ionization source from ESI to ASAP,
beginning with PHBA.
4.6.3 Mass spectral analysis of PHBA
Mass spectra of PHBA in the enzymatic reaction supernatant are shown in Figures 4-64
and 4-65. No oligomer was observed in the fine precipitate collected following
centrifugation. The residual monomer peak is labelled 1 in Figure 4-60. The

Fig. 4-60 ASAP(+) mass spectrum of PHBA supernatant under optimized conditions

Fig. 4-61 ASAP(+) mass spectrum of PHBA supernatant under optimized conditions
showing dimer
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protonated dimer is shown labelled 1 (Figure 4-61) and assigned the molecular formula
C14H10O6. A summary of the oligomer formed is presented in Table 4-7.
Table 4-7 PHBA and dimer following SBP treatment as observed from supernatant using
ASAP(+)
Molecular
formula
C7H6O3
C14H10O6

M+theo

M+expt

Ppm

139.0395
275.0556

139.0391
275.0556

-2.9
0.0

The proposed molecular structure is presented in Fig.4-62. Computational studies on the
nature of PHBA shows the carboxylate moiety on the benzene ring exerts an electron
withdrawing effect on the ring thereby reducing the spin densities on the prospective
bonding carbon atoms (Xu et al. 1995). This may relate to the poor oligomerization
capacity of PHBA, as observed from the mass spectra analysis.

Fig. 4-62 proposed structure of PHBA dimer formed under optimized conditions

4.6.4 Mass spectral analysis of parabens – methyl paraben
Mass spectrometry analysis of parabens was done using the atmospheric solids analysis
probe (ASAP) in the negative ionization mode, ASAP(-). Since much polyphenolic
precipitates were formed, it was reasoned the use of ASAP may be advantageous in
examining the precipitates. MS data acquisition in this technique presents all m/z peaks as
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deprotonated peaks. Golmes et al. (2018b) also used negative ionization mode to acquire
mass spectral data for parabens. The mass spectrum of the standard is shown in Figure 463 where the m/z peak at 151.0394 corresponds to the monomer. The mass spectrum is
devoid of other background peaks, which was not the case with acetaminophen. This could
be due to the level of purity of the standard used (section 3.0).
ASAP(-) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYMPstd, C8H8O3 in
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Fig. 4-63 ASAP(-) full scan mass spectrum of MP

The spectrum shown in Figure 4-64 represents the oligomerized products formed following
MP treatment. The Arabic numerals denote the presence of possible oligomer m/z peaks.
Peaks 5-7 are visible only at expanded scale. The monomer and oligomers of MP as
detected from the precipitate are presented in Table 4-8. Detailed mass spectral results are
highlighted in Figures 4-65 to 4-71. Oligomers observed in supernatant were dimers,
trimers, tetramers and pentamers and their mass spectra are presented in Appendix F. The
proposed structural formulae are similar to those shown for products found in precipitates
as illustrated in Figure 4-72.
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Table 4-8 MP and oligomers following SBP treatment as observed from precipitate using
ASAP(-)
Molecular
formula
C8H8O3
C8H8O3
C16H14O6
C16H13O7
C24H20O9
C24H19O10
C32H26O12
C32H25O13
C40H32O15
C40H31O16
C48H38O18
C48H37O19
C56H46O21
C56H45O22

M-theo

M- expt

ppm

151.0395
151.0395
301.0712
316.0583
451.1029
466.09
601.1346
616.1217
751.1663
766.1534
901.1980
916.1851
1051.2297
1068.2324

151.0394
151.0392
301.0714
316.059
451.1002
466.0887
601.1312
616.1217
751.1622
766.1534
901.1924
916.1862
1051.2286
1068.2369

-0.7
-2.0
0.7
2.2
-6.0
-2.8
-5.7
0.0
-5.5
0.0
-6.2
1.2
-1.3
4.2

The monomer peak numbered 1 in Figure 4-64 appears at m/z 151.0392. There is no
evidence of a modification of the monomer. This contrasts with acetaminophen where a
sodium salt of the monomer was observed in the supernatant, however it agrees with PHBA
where no modification of the monomer was observed. A possible modification could have
been oxygenation, which is observed in the oligomers of all the parabens. An oxidized
oxygenated monomer would have a theoretical m/z value of 168.0423. The m/z peak
observed at 168.0343 (too short to relative peaks to be seen in the mass spectrum) shows a
deviation of 47.6 ppm, which is out of accuracy limits.
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Fig. 4-64 ASAP(-) full scan mass spectrum of MP precipitate at the optimized conditions.
Numbers indicate possible oligomer peaks, shown in expanded view between Fig.4-65
and 4-71

ASAP(-) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYMPstd, C8H8O3 rxn pre
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Fig. 4-65 ASAP(-) mass spectrum of MP precipitate between 110 and 175 m/z

135

The dimer of MP as found in the precipitate is shown in Figure 4-66. The peak at m/z
301.0714 corresponds to a deprotonated dimer and was assigned a molecular formula
C16H14O6. A peak was observed at m/z 316.0590 and close analysis suggests it maybe an
oxygenated product of the dimer. This was assigned a molecular formula of C16H13O7. The
tentative structural formulae of these dimers are shown in Figure 4-72 (a) and (b),
respectively.

Fig. 4-66 ASAP(-) mass spectrum of MP precipitate at the optimized conditions showing
dimer and oxygenated dimer

The peak at m/z 451.1002 (Figure 4-67) corresponds to a trimer and was assigned the
molecular formula C24H20O9. The m/z peak at 466.0887 is thought to be an oxygenated
trimer product and was assigned a molecular formula of C24H19O10. The suggested
structural formulae for these trimers are illustrated in Figure 4-72 (c) and (d). Peaks with
very strong ionization intensity appear at m/z 450.0916 and 449.0894, 1 and 2 amu just
before the oligomer peak. Peaks of strong intensity preceding the oligomer peaks have been
observed also from subsequent mass spectra. These are thought to be oxidized oxidative
oligomers. Mashhadi (2019) also reported on the presence of oxidized oxidative oligomers
from analysis of aryl compounds using ASAP. The occurrence of oxidative reactions in
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techniques such as electrospray ionization or direct analysis in real time are common but
have also been reported from the use of ASAP analysis (Madarshahian et al. 2017).

Fig. 4-67 ASAP(-) mass spectrum of MP precipitate under the optimized conditions
showing trimer and oxygenated trimer

Figure 4-68 shows a deprotonated m/z peak at 601.1312 which corresponds to a tetramer
and was assigned the molecular formula C32H26O12. Another m/z peak observed at
616.1217 corresponds to an oxygenated tetramer product, whose molecular formula was
assigned to be C32H25O13. The tentative structural formulae for these tetramers are
illustrated in Figure 4-72 (e) and (f), respectively. Further analysis of the mass spectrum
showed evidence for a pentamer at m/z 751.1622 (Figure 4-69) and was assigned the
molecular formula C40H32O15. Another m/z peak thought to be an oxygenated derivative of
the pentamer was observed
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ASAP(-) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYMPstd, C8H8O3 rxn
JA_ASAPneg190911_BYMPppt_001 253 (2.483) AM2 (Ar,22000.0,554.26,0.00,LS 10); Cm (253:258-45:50)
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Fig. 4-68 ASAP(-) mass spectrum of MP precipitate at the optimized conditions showing
tetramer and oxygenated tetramer

at m/z 766.1534 and was assigned the molecular formula C40H31O16. Proposed structural
formulae for these oligomers are as presented in Figure 4-72 (g) and (h),

ASAP(-) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYMPstd, C8H8O3 rxn p
JA_ASAPneg190911_BYMPppt_001 253 (2.483) AM2 (Ar,22000.0,554.26,0.00,LS 10); Cm (253:258-45:50)
750.1581
1.53e6

%

751.1622

749.1498
752.1649
766.1534
722.1608 748.1429
691.1443
690.1376
693.1549
660.1346

640.1327

767.1583
768.1634

0

m/z
640

660

680

700

720

740

760

780

Fig. 4-69 ASAP(-) mass spectrum of MP precipitate at the optimized conditions showing
pentamer and oxygenated pentamer
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respectively. In Figure 4-70, m/z peak was observed at 901.1924. This is consistent with
a MP hexamer and was assigned the molecular formula C48H38O18. Its oxygenated
derivative was observed to present m/z peak at 916.1862 and was allotted a molecular
formula of C48H37O19. These products are proposed to take the structural formulae
represented in Figure 4-72 (i) and (j), respectively. The

ASAP(-) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYMPstd, C8H8O3
JA_ASAPneg190911_BYMPppt_001 253 (2.483) AM2 (Ar,22000.0,554.26,0.00,LS 10); Cm (253:258-45:50)
900.1884
8.18e4
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Fig. 4-70 ASAP(-) mass spectrum of MP precipitate under optimized conditions showing
hexamer and a oxygenated hexamer

largest molecular weight oligomer observed in MP precipitate was a heptamer having m/z
peak 1051.2286 (Figure 4-71). A supposed oxygenated derivative of the heptamer appeared
at m/z peak 1068.2339 (arrow in insert). These products respectively agree to the molecular
formulae C56H46O21 and C56H45O22, respectively. Their proposed structures are presented
in Figure 4-72 (k) and (l), respectively.
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Fig. 4-71 ASAP(-) mass spectrum of MP precipitate under optimized conditions showing
heptamer and oxygenated heptamer. Insert: oxygenated derivative of the heptamer.

Considering the octanol-water partition coefficient (Table 2.2), MP has lower aqueous
solubility than acetaminophen and PHBA and an organic solvent composition of 1.25%
was used in the reaction mixtures (section 3.1.2), the presence of which is thought to have
facilitated the polyphenolic products to remain soluble enough to be accessed by the
enzyme, hence the higher molecular weight oligomers obtained. Peroxidase-catalyzed
oligomerization of aromatic substrates has been reported to produce oxygenated (Mashhadi
2019) and hydroxylated products (Ullrich and Hofrichter 2007). Verloop et al. (2016)
reported hydroxylation of tea catechins is catalyzed by peroxidases, when HRP was used
as a model peroxidase. Different carbon atoms in the molecules could be oxygenated in a
manner dependent upon the concentration of peroxide in the reaction mixture. The exact
mechanism of peroxidase catalyzed hydroxylation of phenolics is unclear. However, it is
thought to share a similar mechanism with peroxygenases, since both employ heme group
and peroxide as the oxidant (Verloop et al. 2016). Peroxygenases hydroxylate by
transferring oxygen from peroxide onto the aromatic ring, following which an epoxide
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intermediate is formed that spontaneously rearranges into a hydroxyl, doubling the
functions of peroxide also as an oxygen donor (Klunge et al. 2009).
Although Verloop et al. (2016) demonstrated peroxidase-catalyzed hydroxylation of
phenolics, Courteix and Bergel (1995) reported there is no experimental nor
thermodynamic evidence linking the hydroxylation of phenolics with HRP. They
suggested the production of hydroxyl radical may be associated with the peroxidase
catalytic cycle, the radicals’ attack on phenolics is entirely non-enzymatic. Evidence for
the non-enzymatic hydroxylation is the lack of selectivity of the hydroxyl radical (Durliat
et al. 1992). The mechanism of spontaneous parabens hydroxylation in the presence of
hydroxyl radicals was proposed by Tay et al. (2010). The three-step process involves a
hydroxyl radical attack on the paraben ring, which eventually displaces a hydrogen atom
through an intermediate and then replaces it with hydroxyl group.
Gomes et al. (2018b) reported oxygenated derivatives of propyl- and butyl- parabens had
lower retention times than the parent compounds on a C18 Symmetry column in LC-MS
analysis, owing to the relatively decreased hydrophobicity of the oxygenated derivatives,
although this was not investigated in the present study.
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Fig. 4-72 proposed structures for the oligomers of MP found in precipitate under optimized
conditions
4.6.5 Mass spectral analysis of PP
The full scan propyl paraben mass spectrum is presented in Figure 4-73. The deprotonated
compound peak appears at m/z 179.0707. There is no evidence for a modified monomer,
such as oxygenation. This is similar to the observations with MP and PHBA, but unlike
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ASAP(-) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYPPstd, C
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Fig. 4-73 ASAP(-) mass spectrum showing PP standard between 50 and 1200 m/z

acetaminophen. Considering the structural similarities between these compounds, this
similar mass spectrum trend is expected. The mass spectra for the supernatant are placed
in Appendix F and show oligomers of dimer, trimer and tetramer. There were oligomers in
MP supernatant up to hexamers unlike in PP. The lower solubility of PP compared to MP
may be responsible for greater hydrophobicity of PP oligomers, which makes oligomers to
precipitate out of solutions, at the tetramer stage. Figure 4-74 shows the wide range mass
spectrum of the precipitates. The m/z peaks for monomer and oligomers are numbered 1-7
(peaks 5-7 only seen on scale expansion). The exact m/z peaks as calculated are shown
below (Figures 4-75 to 4-79). Residual monomer was also detected (not shown).
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Fig.4-74 ASAP(-) mass spectrum showing PP precipitate

Detected oligomers labelled 1-7 (Figure 4-74) are summarized in Table 4-9.

Table 4-9 Showing PP and oligomers following SBP treatment as observed from
precipitate and supernatant
Molecular
formula
C10H12O3
C10H12O3
C20H22O6
C20H21O7
C30H32O9
C30H31O10
C40H42O12
C40H41O13
C50H52O15
C50H51O16
C60H62O18
C60H61O19

M-theo

M- expt

ppm

179.0708
179.0708
357.1338
372.1209
535.1968
550.1839
713.2598
728.2469
891.3228
906.3099
1069.3858
1084.3729

179.0707
179.0707
357.1339
372.121
535.1942
550.1837
713.2552
728.2454
891.3174
906.3073
1069.3828
1084.38

-0.6
-0.6
0.3
0.3
-4.9
-0.4
-6.4
-2.1
-6.1
-2.9
-2.8
6.5
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The spectrum between 320 and 378 m/z is shown for the dimer of PP (Figure 4-75). The
m/z peaks at 357.1339 and 372.1210 correspond to the deprotonated forms of the dimer
and oxygenated dimer formulae C20H22O6 and C20H21O7, structures

ASAP(-) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYPPsol, C10H12
JA_ASAPneg190911_BYPPppt_001 200 (1.969) AM2 (Ar,22000.0,554.26,0.00,LS 10); Cm (195:200-45:50)
357.1339
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Fig.4-75 ASAP(-) mass spectrum of PP under optimized conditions showing dimer and
oxygenated dimer
Figures 4-80 (a) and (b), respectively. Likewise, Figure 4-76 shows m/z peaks at 535.1942
and 550.1837, corresponding to deprotonated forms of trimer and oxygenated trimer of PP,
formulae which C30H32O9 and C30H31O10, structures Figures 4-80 (c) and (d). Similarly,
Figure 4-77 shows m/z peaks 713.2552 and 728.2454 evidence of the tetramer and
oxygenated tetramer, formulae C40H42O12 C40H41O13, structures Figures 4-80 (e) and (f),
respectively.
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ASAP(-) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYPPsol, C10H12O
JA_ASAPneg190911_BYPPppt_001 200 (1.969) AM2 (Ar,22000.0,554.26,0.00,LS 10); Cm (195:200-45:50)
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Fig. 4-76 ASAP(-) mass spectrum of PP precipitate under optimized conditions showing
trimer and oxygenated trimer

ASAP(-) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYPPsol, C10H12O3 r
JA_ASAPneg190911_BYPPppt_001 200 (1.969) AM2 (Ar,22000.0,554.26,0.00,LS 10); Cm (195:200-45:50)
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Fig. 4-77 ASAP(-) mass spectrum of PP precipitate under optimized conditions showing
tetramer and oxygenated tetramer
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Figure 4-78 show m/z peaks at 891.3174 and 906.3073 which corresponds PP pentamer
and oxygenated pentamer C50H52O15 and C50H51O16, respectively with proposed structural
formulae Figures 4-80 (g) and (h) respectively.

ASAP(-) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYPPsol, C
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Fig. 4-78 ASAP(-) mass spectrum of PP precipitate under optimized conditions showing
pentamer and oxygenated pentamer
Figure 4-79 show m/z peaks at 1069.3838 and 1084.3800 corresponding to the hexamer
for PP with formulae C60H62O16 and C60H61O19, structures Figures 4-80 (i) and (j),
respectively.
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ASAP(-) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYPPsol, C

JA_ASAPneg190911_BYPPppt_001 223 (2.186) AM2 (Ar,22000.0,554.26,0.00,LS 10); ABS; Cm (218:223-48
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Fig. 4-79 ASAP(-) mass spectrum of PP precipitate under optimized conditions showing
hexamer and oxygenated hexamer
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Fig.4-80 Proposed structures for oligomers of PP (R= C3H7)

4.6.6 Mass spectral analysis of butyl paraben
Butyl paraben was studied in ASAP(-) like the other parabens. Tay et al. (2018) also
studied BP in negative ionization mode but employed a different ionization technique.
Considering its high octanol-water partition coefficient (LogKow), and to maintain uniform
initial concentration in the batch reactors to facilitate comparison of results between BP
and previously reported parabens, BP batch reactors contained 5% (v/v) acetonitrile which
does not pose any threat on enzyme activity, at this low concentration. This increased the
solubility of the products formed. Mass spectral analysis conducted between 50 and 1500
m/z showed the supernatant contained oligomers up to heptamer (results for supernatant
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are shown in Appendix F), similar to what was observed in the precipitate. The increase in
acquisition m/z range in experimental samples over the standard was to cover the detected
large oligomer molecular ions.
The full-scan mass spectrum for BP is shown in Figure 4-81. The monomer peak appears
at m/z 193.0866. The spectrum of BP reaction precipitate under optimized

ASAP(-) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYBPstd, C
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Fig. 4-81 ASAP(-) mass spectrum of BP

conditions are shown in Figure 4- 82. The numbered peaks represent possible m/z peaks
of either monomer (1) or oligomerized products following SBP-catalyzed treatment. The
detailed mass spectra for these products are shown in Figure 4-83/4-88. The identified
peaks labelled 1-7 (Figure 4-82) are summarized in Table 4-10.
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Fig.4-82 ASAP(-) mass spectrum of BP precipitate showing entire pane

Table 4-10 Showing BP and oligomers following SBP treatment as observed from
precipitate and supernatant
Molecular
formula
C11H14O3
C11H14O3
C22H26O6
C22H25O7
C33H38O9
C33H37O10
C44H50O12
C44H49O13
C55H62O15
C55H61O16
C66H74O18
C66H73O19
C77H86O21
C77H85O22

M-theo

M- expt

ppm

193.0865
193.0865
385.1651
400.1522
577.2438
592.2308
769.3224
784.3095
961.4010
976.3881
1153.4797
1168.4668
1345.5568
1360.5454

193.0866
193.0866
385.1654
400.1541
577.2410
592.231
769.3174
784.3105
961.3954
976.3871
1153.4771
1168.4707
1345.5581
1360.5443

0.5
0.5
0.8
4.7
-4.9
0.3
-6.5
1.3
-5.8
-1.0
-2.3
3.3
-1.0
-0.8
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In Figure 4-83, m/z peaks at 385.1654 and 400.1541 correspond to a deprotonated dimer
and oxygenated dimer of BP, consistent with the formulae C22H26O6 and C22H25O7,

ASAP(-) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYBPppt, C11H14O3 rxn p
JA_ASAPneg190910_BYBPppt_002 294 (2.874) AM2 (Ar,22000.0,554.26,0.00,LS 10); Cm (291:296-48:53)
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Fig.4-83 ASAP(-) mass spectrum of BP precipitate showing dimer and oxygenated dimer

structural formulae Figures 4-89 (a) and (b), respectively. Similarly, Figure 4-84
(presented on a narrow x-axis range to show the m/z peaks of interest) show m/z peaks at
577.2410 and 592.2310 corresponding to BP timer and oxygenated trimer respectively
with molecular formulae C33H38O9 and C33H37O9. structural formulae Figures 4-89 (c)
and (d), respectively. Likewise, in Figure 4-85, m/z peaks at 769.3201 and 784.3105
correspond to a tetramer and oxygenated tetramer of BP, assigned molecular formulae
C44H50O12 and C44H49O13, respectively, structures Figures 4-89 (e) and (f), respectively.
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ASAP(-) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYBPppt, C
JA_ASAPneg190910_BYBPppt_002 294 (2.874) AM2 (Ar,22000.0,554.26,0.00,LS 10); Cm (291:296-48:53)
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Fig.4-84 ASAP(-) mass spectrum of BP precipitate showing trimer and oxygenated trimer

ASAP(-) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYBPppt, C11H14O3 rxn ppt
JA_ASAPneg190910_BYBPppt_002 294 (2.874) AM2 (Ar,22000.0,554.26,0.00,LS 10); Cm (291:296-48:53)
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Fig. 4-85 ASAP(-) mass spectrum of BP precipitate showing tetramer and oxygenated
tetramer

In Figure 4-86, m/z peaks at 961.3954 and 976.3871 represent pentamer and oxygenated
pentamer of BP, assigned the formulae C55H62O15 and C55H61O15, respectively, structures
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Figures 4-89 (g) and (h), respectively. Similarly, in Figure 4-87, hexamer and
oxygenated hexamer of BP were identified at m/z peaks

ASAP(-) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYBPppt, C11H14O3
JA_ASAPneg190910_BYBPppt_003 253 (2.483) AM2 (Ar,22000.0,554.26,0.00,LS 10); Cm (248:253-48:53)
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Fig.4-86 ASAP(-) mass spectrum of BP precipitate showing pentamer and oxygenated
pentamer

ASAP(-) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYBPppt, C11H14O3 rx
JA_ASAPneg190910_BYBPppt_004 272 (2.666) AM2 (Ar,22000.0,554.26,0.00,LS 10); ABS; Cm (268:273-43:48)
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Fig. 4-87 ASAP(-) mass spectrum of BP precipitate showing hexamer and oxygenated
hexamer

1153.4771 and 1168.4707 assigned formulae C66H74O18 and C66H73O19, structures Figures
4-89 (i) and (j), respectively. The highest observed oligomer of BP was heptamer and
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oxygenated heptamer having m/z 1345.5568 and 1360.5443, assigned molecular
formulae C77H86O21 and C77H85O22, structures Figures 4-89 (k) and (l), respectively.
ASAP(-) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYBPppt, C11H14O3 rxn ppt
JA_ASAPneg190910_BYBPppt_004 272 (2.666) AM2 (Ar,22000.0,554.26,0.00,LS 10); ABS; Cm (269:274-47:53)
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Fig. 4-88 ASAP(-) mass spectrum of BP precipitate showing heptamer and oxygenated
heptamers
The tentative structures presented for the studied parabens (Figures 4-72, 4-80 and 4-89)
are proposed based on the most likely oxidative coupling pattern, considering the paraposition has been substituted and among the 4 unsubstituted carbon atoms, the orthoposition to the hydroxyl group is the most likely site for oxidative coupling of two aryl
radicals (Lu et al. 2009). These structures do not take into account regioselectivity or any
possible isomeric patterns.
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Fig. 4-89 Proposed structural formula for the oligomers of BP (R=C4H9)

Based on the oligomers observed, a pathway for the oligomerization of parabens is
proposed (Figure 4-90). The diagram, to avoid becoming too clumsy, does not include
radicals except for the monomer. It is important to bear in mind each product acting as a
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substrate for another oligomer must have first undergone oxidation through the
peroxidase cycle, becoming a radical,

Fig.4-90 Proposed reaction pathway for oligomerization of parabens following SBP
treatment. (R = CH3, C3H7, C4H9)
as a pre-condition for non-enzymatic oxidative coupling to produce an oligomer. This is
applicable to all the parabens mentioned above. The oxygenation and/or hydroxylation
process and oligomers are also not shown in this proposed pathway but is already covered
elsewhere (Tay et al. 2010). It is not certain if the modification occurs before or after the
substrates’ passage through the peroxidase cycle. However, going by the pathway proposed
by Tay et al. (2010), it is thought the oligomers undergo the substitution after they have
been oligomerized, due to radical attack. This agrees with previous reports (Carteix and
Bergel 1995, Durlait et al. 1992) which maintained that hydroxylation is not an enzymatic
process. Moreover, Verloop et al. (2016) also reported hydroxylation occurs after the
oligomerization of tea phenolics.
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4.7 Effect of desolvation gas temperature on molecular ions
Some of the crucial parameters in the application of ASAP ion source are desolvation gas
temperature (DGT), corona current, cone voltage and collision energy (Du et al. 2014).
Smith et al. (2012) compared the effects of cone voltage and DGT on the intensity and
ionization efficiency of m/z peaks and observed the DGT is the most important factor in
producing clear and distinctive mass spectra of polystyrene oligomers in ASAP. They
reported that high cone voltage produced the undesirable effect of in-source fragmentation,
and changing it amounted to only about 2% improvement in ionization intensity. This
agrees with Du et al. (2014) who opined that DGT and corona current are most crucial in
determining ionization efficiency. For instance, medium size plasticizers (an example of
which is Di-n-butyl phthalate, mwt = 278.38 g/mol) may ionize well with a 0.1 µA corona
current while higher molecular weight ones may require between 1.0 and 5.0 µA for
efficient ionization (Du et al. 2014). Therefore, the use of 1. 0 µA as the corona current in
this study was adequate to provide effective ionization.
However, since the appropriate DGT for the analysis of these treated compounds was not
determined, sample ionization was carried out at three temperatures by varying the DGT
for each sample run between 300 and 500 ˚C for the single parabens and mix-5. The mass
spectra scan at the three temperature points were collected and processed in a similar
fashion to ensure similar scans are averaged and combined in a common manner. The
resultant mass spectra for such scans between m/z 50 and 1200 for MP reaction mixture
are shown (Figure 4-91). The other two parabens presented a similar pattern and are
omitted. At 300˚C, a strong peak was observed at m/z 166.0262, which diminishes
drastically with increasing temperature, between 400 ˚C and 500 ˚C (Figure 4-91 a, b, and
c, respectively). Similarly, the peak at m/z 600.1259 could barely be noticed at 300˚C but
increases in intensity with increasing temperature. This increased intensity is thought to be
due to improved ionization efficiency owing to increases in the DGT. The last panel
(Figure 4-91 (c)) shows a peak at m/z 750.1575, which is not visible in the mass spectra,
produced at lower DGT. Moreover, the intensity of the base peaks in the panels increases
from 4.47 x105 to 4.50 x106 to 1.88 x107 at 300 ˚C, 400 ˚C and 500 ˚C, respectively. This
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clearly shows increasing the DGT is very important in producing more efficient
ionizations.
To further understand the ionization efficiency, the mass deviations at the respective
temperatures were computed (Table 4-11). It be seen that at 500 ˚C, all the oligomer peaks
are detected and within acceptable limits ppm, while at 300 ˚C, only some oligomers are
detected. The ionization intensities of the respective m/z peaks whose ppm values were
computed (data not shown) tend to display a bell-shaped pattern, characteristic of a normal
distribution curve at 500 ˚C, unlike at the lower temperatures where the bell shape was
truncated abruptly, possibly due to loss of ionization sensitivity.

Fig. 4-91 ASAP(-) mass spectra of MP at three different desolvation gas temperatures (a)
300˚C (b) 400 ˚C and (c) 500 ˚C.

The detection of molecular ions is worse with the high molecular mass BP than with MP
(Table 4-11). This is thought to be because, with increasing molecular mass, higher
temperature is necessary to move the molecules into the vapor phase where ionization will
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occur consistent with the hypothesis of Smith et al. (2012). They reported 600 ˚C to be
ideal for polystyrene. In this study, it is shown that 500 ˚C is necessary to put the oligomers
of PP and BP in the gas-phase, while 400 ˚C would be ideal for MP.

Table 4-11 Effect of ionization temperature on detection of molecular ions in ASAP(-).
Numbers represent mass deviation from the theoretical value in ppm
Temp (˚C)/

1

2

3

4

5

6

7

300

-2.7

-1.3

-8.0

-6.0

-5.2

NS

NS

400

-2.7

-0.3

6.4

5.5

-6.4

-4.8

-2.5

500

-2.7

-1.0

-5.8

-6.2

-6.3

-5.7

-4.2

300

-1.1

-0.3

-7.1

-2.4

NS

NS

NS

400

-1.1

-0.3

-6.7

-7.0

-6.2

NS

NA

500

-0.6

-2.0

-4.1

7.6

-6.1

-5.4

NA

300

1.0

-0.8

-8.8

NS

NS

NS

NS

400

2.1

0.5

-5.4

-8.7

0.6

NS

NS

500

2.1

1.82

-6.4

-7.7

-6.6

-6.9

-8.0

Oligomer
MP

PP

BP

1 = monomer, 2=dimer, 3=trimer, 4=tetramer, 5=pentamer, 6=hexamer,
7=heptamer. NS = Not seen; NA = Not available

4.8 Mass spectral analysis of mix-5 precipitates
The mix-5 was studied for oligomer formation using ASAP(+). The presence of Acet made
it necessary to use the positive ionization mode, since the molecule can be easily protonated
at the amido nitrogen which enables it and its oligomers to be detected in the mass spectrum
(Hawavitharana et al. 2008). However, since there were five compounds, the
combinational pattern at the respective level of oligomerization needs to be derived. For
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example, AB and BA are permutations, and only one form was chosen. This is more so as
the order of bonding was not important, as any such combination order will yield the same
m/z peak value. For trimers although the pattern of bonding may be interesting to consider
as in which monomer may be in the middle of the other two monomers, this was not part
of the study objectives and so was not considered.

Sorting out the dimer combinations was manually done. However, the trimers were more
difficult to sort and a program was designed to compute the possible combinations. From
running the program, 125 permutations were obtained of which 35 combinations were
derived. These combinations were used to determine the theoretical m/z values based upon
which search for the oligomers was made in the mass spectrum. The program was also
implemented for tetramers and pentamers which were detected. Although singlecompound studies showed homo-hexamers of all three parabens, and heptamers of MP and
BP, these levels of oligomerization were not detected in the mix-5 mass spectrum. This is
plausible considering the reduced organic solvent content in this reaction mixture which
was about 1.75 % (v/v), being less than the 2.5% and 5% that were used in the singlecompound treatments of PP and BP, respectively but more than the 1.25% that was used in
the single-compound treatment of MP. The hydrophobic nature of some of the monomers
was a sufficient factor to cause the oligomers to easily precipitate out of solution, in the
presence of limiting organic solvent to aid their solubility. This may have had the effect of
limiting the degree of oligomerization.
The mass spectra for untreated monomers and residual monomers at the end of the reaction
are not presented here. The mass spectra shown below cover dimers, trimers, tetramers and
pentamers detected from the precipitates. Since those detected from the supernatant
comprised of lower oligomers, they are not reported but the oligomers from precipitate are
presented to show the largest molecular weight oligomers detected from mix-5. Besides,
since the products are similar for the lower oligomers, reporting from both supernatant and
precipitate may only be a futile attempt to duplicate the results. Presentations of oligomers
arising from narrow m/z ranges taken out of the full-scan mass spectrum and are presented
in Figures 4-93 to 4-143. Since these were studied in the positive-ion mode, all m/z peaks
presented are protonated derivatives. The structural formulae are however presented as
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dictated by the contributing monomers’ molecular formulae. Fragmentation patterns,
where shown, are also considered in the positive-ion mode. All identified oligomers were
resolved within ≤10 ppm mass deviation. Du et al. (2014) also reported in a specialized
mass spectrometry journal on resolving myriad of polymer additives from a reaction within
a similar error margin.
4.8.1 Dimers from mix-5 precipitate
The dimers detected from mix-5 precipitate are presented in Table 4-12. Mass spectral data
are shown in Figure 4-92 to 4-103, with plausible structures shown in Figure 4-104.
In addition to regioisomeric and permutational variations for plausible oligomer structures
alluded to hereafter, the combination of different monomers could
Table 4-12 Dimers detected from mix-5 precipitate under optimized conditions using
ASAP(+) ionization mode
M+theo

M+expt

ppm

PHBA-PHBA
PHBA-MP
Acet-Acet

Molecular
formula
C14H10O6
C15H12O6
C16H16N2O4

275.0556
289.0712
301.1188

275.0562
289.0713
301.1188

2.2
0.3
0.0

MP-MP
PHBA-PP
PHBA-BP
MP-PP
MP-BP
PP-PP
PP-BP
BP-BP

C16H14O6
C17H16O6
C18H18O6
C18H18O6
C19H20O6
C20H22O6
C21H24O6
C22H26O6

303.0869
317.1025
331.1182
331.1182
345.1338
359.1495
373.1651
387.1808

303.0859
317.1022
331.1176
331.1176
345.1328
359.1480
373.1647
387.1796

-3.3
-0.9
-1.8
-1.8
-2.9
-4.2
-1.1
-3.1

Combination

produce additional constitutional isomers not discernable by MS analysis. It is possible to
distinguish these structurally unique products with LC-MS owing to differential retention
times based on distinct interactions with the silanol-C18 stationary phase of the column.
Such characterization of the array of products formed is beyond the scope of this
dissertation. Moreover, the use of an off-line chromatographic system in this work would
not provide for such determinations without fraction collection.
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The full-scan mass spectrum of mix-5 precipitate is shown in Figure 4-92. Cross-coupled
products involving acetaminophen were not noticed, even though a homo-

ASAP(+) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYMix5ppt, MP/PP/BP/Acet r
JA_ASAP190912_BYMix5ppt_002 287 (2.661) AM2 (Ar,15000.0,556.28,0.00,LS 10); ABS; Cm (282:287-45:50)
563.5037
4.42e5

%
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523.1959
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701.2538

232.0824

715.2657
835.2613
863.2900
893.3300
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Fig. 4-92 Full scan ASAP(+) mass spectrum of mix-5 precipitate under optimized
conditions

dimer of acetaminophen was observed Figure 4-93 (m/z 301.1188 with a molecular
formula C16H16N2O4 and structural formula Figure 4-104(a)). Since the protocol employed
could assay for all monomers in a standard sample and also a homo-dimer of
acetaminophen was detected, it is obvious the protocol has the analytical competence to
assay for all the CECs. It is thought the inability to detect cross-coupled oligomers
involving acetaminophen may be due to the very fast consumption of Acet in the reaction
under the experimental conditions. From the time course of mix-5 (Figure 4-43), it is seen
that acetaminophen was almost entirely consumed within the first 3 minutes of the reaction,
unlike the other CECs. Since the dominant radicals in solution within this time would be
those of acetaminophen, self-coupling route would have been favored over the crosscoupling route, consistent with the detection of a homo-dimer of acetaminophen. Porter et
al. (1985) reported that in the presence of a high concentration of peroxidase, the
concentration of acetaminophen radical increases in a direct proportion. This surge in
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acetaminophen radical production may be responsible for a drive towards self-coupling
than cross-coupling. However, an analysis of the products formed within the first three
minutes of the mix-5 reaction may be necessary to provide better insight into the coupling
pattern of the CECs within this initial 3-minute reaction time.

ASAP(+) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYMix5ppt, MP/PP/BP/Acet rxn p

%

JA_ASAP190912_BYMix5ppt_002 287 (2.661) AM2 (Ar,15000.0,556.28,0.00,LS 10); ABS; Cm (282:287-45:50)
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Fig. 4-93 ASAP(+) mass spectrum of mix-5 precipitate under optimized conditions
showing a homo-dimer of Acet

A protonated dimer of PHBA-PHBA in Figure 4-94 has m/z peak at 275.0562 and

ASAP(+) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYMix5ppt, MP/PP/BP/Ac
JA_ASAP190912_BYMix5ppt_002 287 (2.661) AM2 (Ar,15000.0,556.28,0.00,LS 10); ABS; Cm (282:287-45:50)
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Fig. 4-94 ASAP(+) mass spectrum of mix-5 precipitate under optimized conditions
showing a dimer of PHBA-PHBA
correspond to the formula C14H10O6 with structural formula at Figure 4-104 (b). The m/z
peaks at 257.0453 and 239.0342 corresponds to loss of -OH and -OH, in succession.
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Figure 4-95 shows a protonated dimer of PHBA-MP at m/z 289.0713 which correspond to
the molecular formula C15H12O6 with a structural formula in Figure 4-128 (c). The
fragmentation of parabens is known to occur at the ester bond, releasing the -OR group
from the rest of the carbonyl group on the carbon ring (Nicolescu 2017). This will produce
different fragments depending on the order of removal. Since fragmentation under the
analytical conditions may be a random process, both are bound to occur simultaneously in
the system. The removal of -OCH3 may produce the m/z peak at 257.0453 and subsequent
fragmentation may produce m/z peak at 239.0342. Alternatively, first fragmentation of OH may produce m/z peak 271.0633 and subsequent removal of -OCH3 may produce that
at 239.0342. The presence of several high intensity peaks within a mass spectrum of

ASAP(+) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYMix5ppt, MP/PP/BP/Ac
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Fig. 4-95 ASAP(+) mass spectrum of mix-5 precipitate under optimized conditions
showing a dimer of PHBA-MP.

interest may be seen in subsequent figures, which may be arising from fragments with
strong signal intensity. For example, the difference between 289.0713 and 275.0562
corresponds to the loss of a methylene group, thought to be from the former. Similarly, the
m/z peak at 257.0453 has been shown to be a fragment signal following the splinter of a
methyloxy group, from the 289.0713 m/z peak. Considering the matrix nature of the
samples and the myriad of oligomers formed, this is expected.
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A dimer of PHBA-PP is presented at m/z 317.1022 (Figure 4-96) and corresponds to a
formula C17H16O6 and structural formula Figure 4-104 (d). The m/z peaks observed at
257.0453 and 239.0342 are thought to be fragments following the fragmentation of -OC3H7
and -OH from the PP and PHBA residues, respectively.

ASAP(+) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYMix5ppt, MP/PP/BP/Ac
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Fig. 4-96 ASAP(+) mass spectrum of mix-5 precipitate under optimized conditions
showing a dimer of PHBA-PP
Similarly, a m/z peak 331.1176 in Figure 4-97 corresponds to a dimer of PHBA-BP, with
a molecular formula C18H18O6 and a structural formula Figure 4-104 (e). Fragmentation of
-OC4H9 from BP may produces the m/z peak at 257.0453. Following here, the
fragmentations are not highlighted. These were shown to illustrate this occurrence as
observed in the mass spectra, more so that the alkoxyl groups are similar for all the
oligomers, these illustrations suffice to create an understanding of the fragmentation
pattern in subsequent presented mass spectra.
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ASAP(+) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYMix5ppt, MP/PP/BP/Acet
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Fig.4-97 ASAP(+) mass spectrum of mix-5 precipitate under optimized conditions
showing a dimer of PHBA-BP
Figure 4-98 shows a m/z peak for MP-MP dimer at 303.0859, corresponding to the
molecular formula C16H14O6 with structural formula Figure 4-104 (f). Likewise,

ASAP(+) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYMix5ppt, MP/PP/BP/Acet rxn precipita
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Fig.4-98 ASAP(+) mass spectrum of mix-5 precipitate under optimized conditions
showing a dimer of MP-MP
Figure 4-99 shows a dimer of MP-PP at m/z 331.1176 corresponding to a molecular
formula C18H18O6 and structural formula Figure 4-104 (g).
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Fig. 4-99 ASAP(+) mass spectrum of mix-5 precipitate under optimized conditions
showing a dimer of MP-PP

Figure 4-100 presents a dimer of MP-BP at m/z 345.1328 having the molecular formula
C19H20O6 and the structural formula Figure 4-104 (h). Similarly, a homoASAP(+) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYMix5ppt, MP/PP/BP/Acet
JA_ASAP190912_BYMix5ppt_002 287 (2.661) AM2 (Ar,15000.0,556.28,0.00,LS 10); ABS; Cm (282:287-45:50)
275.0562
2.48e5
325.2743

257.0453
289.0713

349.0706

301.1188
313.2743

%

331.1176

345.1328
271.0633
258.0493

311.2584
276.0595

339.2896
290.0742

!
288.0837

0

m/z
260

270

280

290

300

310

320

330

340

Fig. 4-100 ASAP(+) mass spectrum of mix-5 precipitate under optimized conditions
showing a dimer of MP-BP
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dimer of PP is seen at m/z 359.1480 (Figure 4-101) having the molecular formula C20H22O6
and a structural formula Figure 4-104 (i).
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Fig. 4-101 ASAP(+) mass spectrum of mix-5 precipitate under optimized conditions
showing a dimer of PP-PP

The dimer of PP-BP is observed at m/z 373.1647 (Figure 4-102) having a molecular
formula C21H24O6 and corresponding to structural formula Figure 4-104 (j). The last

ASAP(+) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYMix5ppt, MP/PP/BP/Ace
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Fig. 4-102 ASAP(+) mass spectrum of mix-5 precipitate under optimized conditions
showing a dimer of PP-BP
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among the dimers is a self-coupled dimer of BP, Figure 4-103, at m/z 387.1796 having a
molecular formula C22H26O6 and a structural formula Figure 4-104 (k).

ASAP(+) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYMix5ppt, MP/PP/BP/Acet rxn precipita
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Fig. 4-103 ASAP(+) mass spectrum of mix-5 precipitate under optimized conditions
showing a dimer of BP-BP
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Fig.4-104 Proposed structural formulae for the dimers of mix-5 under optimized conditions
4.8.2 Trimers from mix-5 precipitate
Based on the combinations obtained, 35 different trimers were supposed to be detected
from the mix-5 reactions. However, no cross-coupling with acetaminophen was observed,
accounting for 15 different trimers. Moreover, due to the poor reactivity of PHBA, no
homo-trimer of PHBA was found. A trimer of BP was found in the precipitate but not in
the supernatant. This is expected since BP has higher octanol-water partition coefficient
than all the other compounds in the mixture, it is expected to easily precipitate when in
aqueous solution. Therefore, 19 trimers are represented in Figures 4-105 to 4-123,
summarized in Table 4-13, plausible structures Figures 4-124.
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Table 4-13 Trimers detected from mix-5 precipitate under optimized conditions using
ASAP(+) ionization mode

PHBA-PHBA-MP
PHBA-MP-MP
PHBA-PHBA-PP
MP-MP-MP
PHBA-PHBA-BP

Molecular
formula
C22H16O9
C23H18O9
C24H20O9
C24H20O9
C25H22O9

PHBA-MP-PP

C25H22O9

PHBA-MP-BP
MP-MP-PP
PHBA-PP-PP
MP-MP-BP
PHBA-PP-BP
MP-PP-PP
PHBA-BP-BP
MP-PP-BP

C26H24O9
C26H24O9
C27H26O9
C27H26O9
C28H28O9
C28H28O9
C29H30O9
C29H30O9

467.1342
481.1499
481.1499
495.1655
495.1655
509.1812
509.1812
523.1968
523.1968

MP-BP-BP
PP-PP-PP
PP-PP-BP
PP-BP-BP
BP-BP-BP

C30H32O9
C30H32O9
C31H34O9
C32H36O9
C33H38O9

537.2125
537.2125
551.2281
565.2438
579.2594

Combination

M+theo

M+expt

Ppm

425.0873
439.1029
453.1186
453.1186
467.1342

425.0860
439.1042
453.1192
453.1192
467.1353

-3.1
3.0
1.3
1.3
2.4

467.1353
481.1509
481.1509
495.1646
495.1646
509.1805
509.1805
523.1959
523.1959

2.4
2.1
2.1
-1.8
-1.8
-1.4
-1.4
-1.7
-1.7

537.2112
537.2112
551.2271
565.2425
579.2557

-2.4
-2.4
-1.8
-2.3
-6.4

The trimer of protonated PHBA-PHBA-MP is found at m/z 425.0860 (Figure 4-105) and
corresponds to the molecular formula C22H16O9 with a structural formula Figure 4-124 (a).
Since PHBA is poor in oligomerizing, it is plausible to reason the incoming paraben radical
acted as a bridge to link the two molecules together. The m/z peak at 393.0620 is thought
to be for a fragment from the loss of -OCH3 from the MP residue. Figure 4-106 has an m/z
peak at 453.1192 with a molecular formula C24H20O9 that is a
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Fig. 4-105 ASAP(+) mass spectrum of mix-5 precipitate under optimized conditions
showing a trimer of PHBA-PHBA-MP

trimer of PHBA-PHBA-PP with structural formula Figure 4-124 (b). The loss of -OH and
-OC3H7 account for the m/z peaks 421.0941 and 393.0620, respectively.
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Fig. 4-106 ASAP(+) mass spectrum of mix-5 precipitate under optimized conditions
showing a trimer of PHBA-PHBA-PP
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Likewise, the m/z peak at 467.1353 in Figure 4-107 corresponds to a trimer of PHBAPHBA-BP with molecular structure C25H22O9 and molecular formula 4-124 (c). The m/z
peak at 393.0620 may be for a fragment from the loss of protonated -OC4H9 of BP. The
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Fig. 4-107 ASAP(+) mass spectrum of mix-5 precipitate under optimized conditions
showing a trimer of PHBA-PHBA-BP

consistent pattern of 14 amu peaks downwards the lower side of the mass spectrum,
suggests the successive loss of methylene groups from the respective molecular ions. This
pattern has been generally observed in the mass spectra, in addition to the alkoxy group
fragmentation patterns earlier mentioned. Figure 4-108 shows a trimer of PHBA-MP-MP
at m/z 439.1042 corresponding to the molecular formula C23H18O9 with a structural formula
Figure
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ASAP(+) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYMix5ppt, MP/PP/BP/Ace
JA_ASAP190912_BYMix5ppt_002 170 (1.589) AM2 (Ar,22000.0,556.28,0.00,LS 10); Cm (165:170-49:54)
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Fig. 4-108 ASAP(+) mass spectrum of mix-5 precipitate under optimized conditions
showing a trimer of PHBA-MP-MP

4-124 (d). Similarly, Figure 4-109 shows a trimer of PHBA-MP-PP at m/z 467.1353 with
molecular formula C25H22O9 and structural formula Figure-124 (e). In Figure

ASAP(+) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYMix5ppt, MP/PP/BP/
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Fig. 4-109 ASAP(+) mass spectrum of mix-5 precipitate under optimized conditions
showing a trimer of PHBA-MP-PP
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4-110, a trimer of PHBA-MP-BP is seen at m/z 481.1509 with molecular formula C26H24O9
and structural formula Figure 4-124 (f). The m/z peak at 407.0780 may be formed when –
OC4H9 from the BP residue cleaves from the trimer molecule.

ASAP(+) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYMix5ppt, MP/PP/BP/A
JA_ASAP190912_BYMix5ppt_002 287 (2.661) AM2 (Ar,15000.0,556.28,0.00,LS 10); ABS; Cm (282:287-45:50)
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Fig. 4-110 ASAP(+) mass spectrum of mix-5 precipitate under optimized conditions
showing a trimer of PHBA-MP-BP

Figure 4-111 shows the trimer of PHBA-PP-PP at m/z 495.1646 with molecular formula
C27H26O9 and structural formula Figure 4-124 (g). The m/z peak at 435.1081 corresponds
to 60.0575 difference which may be a fragment of protonated -OC3H7 arising from a PP
residue.
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ASAP(+) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYMix5ppt, MP/PP/BP/Ace
JA_ASAP190912_BYMix5ppt_002 287 (2.661) AM2 (Ar,15000.0,556.28,0.00,LS 10); ABS; Cm (282:287-45:50)
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Fig. 4-111 ASAP(+) mass spectrum of mix-5 precipitate under optimized conditions
showing a trimer of PHBA-PP-PP
From Figure 4-112, m/z peak at 509.1805 shows a trimer of PHBA-PP-BP. This
corresponds to the molecular formula C28H28O9 and structural formula Figure

ASAP(+) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYMix5ppt, MP/PP/BP/Ace
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Fig. 4-112 ASAP(+) mass spectrum of mix-5 precipitate under optimized conditions
showing a trimer of PHBA-PP-BP
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4-124 (h). Again, different fragmentation patterns occur concurrently. Loss of -OC3H7 first
accounts for the fragment with m/z 449.1234, followed by loss of–OC4H9 to account for
the fragment at m/z 375.0501. Alternatively, with loss of –OC4H9 first, product with m/z
peak 435.1081 is formed followed by loss of -OC3H7 to yield a fragment with m/z
375.0501. Since the intensity of 449.1234 is greater, it is thought the fragmentation of the
trimer proceeds preferentially through the loss of -OC3H7

followed by –OC4H9.

Alternatively, it may also be that there are other oligomers whose fragments give rise to
the m/z peak at 449.1234, hence its strong intensity. Figure 4-113 shows the trimer of
PHBA-BP-BP at m/z 523.1959 with a molecular formula of C29H30O9 and structural
formula Figure 4-124 (i). Fragmentation with successive loss of butyloxy groups produces

ASAP(+) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYMix5ppt, MP/PP/BP/A
JA_ASAP190912_BYMix5ppt_002 287 (2.661) AM2 (Ar,15000.0,556.28,0.00,LS 10); ABS; Cm (282:287-45:50)
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Fig. 4-113 ASAP(+) mass spectrum of mix-5 precipitate under optimized conditions
showing a trimer of PHBA-BP-BP

fragments with m/z 449.1234 and 375.0501. A protonated homo-trimer of MP is observed
at m/z 453.1192 (Figure 4-114) having the molecular formula C24H20O9 and structural
formula Figure 4-124 (j). Cleavage of -OCH3 groups in accounts for fragments at m/z
421.0941, 389.0638 and 357.0390.
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ASAP(+) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYMix5ppt, MP/PP/BP/A
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Fig. 4-114 ASAP(+) mass spectrum of mix-5 precipitate under optimized conditions
showing a trimer of MP-MP-MP

Figure 4-115 shows m/z peak at 481.1509 corresponding to protonated trimer of MP-MPPP with molecular formula C26H24O9 and structural formula Figure 4-124 (k). The peak at
m/z 421.0941 is consistent with loss of -OC3H7. Similarly,

ASAP(+) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYMix5ppt, MP/PP/BP/Acet rxn pre
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Fig. 4-115 ASAP(+) mass spectrum of mix-5 precipitate under optimized conditions
showing a trimer of MP-MP-PP
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Figure 4-116 shows a trimer of MP-MP-BP at m/z 495.1646 having a molecular formula
C27H26O9 and structural formula Figure 4-124 (l). A difference corresponding to a
protonated -OCH3 could be observed between the trimer m/z peak and that at 463.1375.

ASAP(+) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYMix5ppt, MP/PP/BP/Acet rxn
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Fig. 4-116 ASAP(+) mass spectrum of mix-5 precipitate under optimized conditions
showing a trimer of MP-MP-BP

A trimer of MP-PP-PP is observed at m/z 509.1805 (Figure 4-117) corresponding to a
molecular formula C28H28O9 and structural formula Figure 4-124 (m). Loss of protonated
–OC3H7 from either of the PP residues may produce a peak at m/z 449.1234.
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ASAP(+) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYMix5ppt, MP/PP/BP/Acet rxn pr
JA_ASAP190912_BYMix5ppt_002 287 (2.661) AM2 (Ar,15000.0,556.28,0.00,LS 10); ABS; Cm (282:287-45:50)
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Fig. 4-117 ASAP(+) mass spectrum of mix-5 precipitate under optimized conditions
showing a trimer of MP-PP-PP

Figure 4-118 shows a m/z peak at 523.1959 for a trimer of MP-PP-BP having a molecular
formula C29H30O9 and structural formula Figure 4-124 (n). Loss of -OC4H9 group leaves a
fragment with m/z 449.1234.

ASAP(+) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYMix5ppt, MP/PP/BP/Acet rxn pre
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Fig. 4-118 ASAP(+) mass spectrum of mix-5 precipitate under optimized conditions
showing a trimer of MP-PP-BP
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Figure 4-119 shows a protonated m/z peak for a trimer of MP-BP-BP at 537.2112 having
a molecular formula C30H32O9 and structural formula at Figure 4-124 (o). Cleavage of OC4H9 from a BP is consistent with a strong peak at m/z 463.1375.

ASAP(+) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYMix5ppt, MP/PP/BP/Acet rxn prec
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Fig. 4-119 ASAP(+) mass spectrum of mix-5 precipitate under optimized conditions
showing a trimer of MP-BP-BP

Likewise, a homotrimer of PP is found at m/z = 537.2112 (Figure 4-120) assigned

ASAP(+) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYMix5ppt, MP/PP/BP/Acet rxn p
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Fig. 4-120 ASAP(+) mass spectrum of mix-5 precipitate under optimized conditions
showing a trimer of PP-PP-PP
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the molecular formula C30H32O9 and structural formula Figure 4-124 (p). Fragmentation of
any of the alkyloxy groups would yield a fragment at m/z 477.1501 (with successive
alkyloxy losses only noticeable with scale expansion at m/z 417.0963 and 357.0380).
Similarly, Figure 4-121 shows a trimer of PP-PP-BP at m/z 551.2271 assigned molecular
formula C31H34O9 and structural formula Figure 4-124 (q). The peak at m/z 491.1663
accounts for loss of -OC3H7 from the trimer. In Figure 4-122, a trimer of PP-BP-BP is
observed at m/z 565.2425 corresponding to a molecular formula C32H36O9 and structural
formula Figure 4-124 (r). Loss of -OC3H7 produced the fragment with m/z 491.1663.

ASAP(+) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYMix5ppt, MP/PP/BP/Acet rxn pre
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Fig. 4-121 ASAP(+) mass spectrum of mix-5 precipitate under optimized conditions
showing a trimer of PP-PP-BP
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ASAP(+) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYMix5ppt, MP/PP/BP/Ac
JA_ASAP190912_BYMix5ppt_002 287 (2.661) AM2 (Ar,15000.0,556.28,0.00,LS 10); ABS; Cm (282:287-45:50)
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Fig. 4-122 ASAP(+) mass spectrum of mix-5 precipitate under optimized conditions
showing a trimer of PP-BP-BP

A homo trimer of BP was noticed having a protonated m/z at 579.2557 (Figure 4-123) and
corresponds to a molecular formula C33H38O9 and structural formula Figure 4-124 (s).

ASAP(+) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYMix5ppt, MP/PP/BP/Ac
JA_ASAP190912_BYMix5ppt_002 287 (2.661) AM2 (Ar,15000.0,556.28,0.00,LS 10); ABS; Cm (282:287-45:50)
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Fig. 4-123 ASAP(+) mass spectrum of mix-5 precipitate under optimized conditions
showing a trimer of BP-BP-BP
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Plausible structures of the oligomers are presented in Figure 4-124 are based on the
monomer residues identified. Other regioisomers are possible and these represent only a
diagrammatic illustration of the type of products obtained. Detailed structural analysis of
these oligomers are outside the objectives of this study.
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Fig. 4-124. Proposed structural formulae for the trimers of mix-5 under optimized
conditions
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4.8.3 Tetramers from mix-5 precipitate
Based on the combination patterns generated, 70 tetramers were expected. Acetaminophen
cross-coupled oligomers were not detected under the reaction conditions, representing 35
expected combinations. Since a 10-ppm error margin was employed, other oligomers with
error deviations above this were rejected. Thus, 20 tetramer oligomers were resolved within
the set error limits (Table 4-14).
Table 4-14 Tetramers detected from mix-5 precipitate under optimized conditions using
ASAP(+) ionization mode
M+theo

M+expt

Ppm

PHBA-PHBA-PHBA-PP
PHBA-MP-MP-MP
PHBA-PHBA-PHBA-BP
PHBA-PHBA-MP-PP
PHBA-PHBA-MP-BP
PHBA-MP-MP-PP
PHBA-PHBA-PP-PP
PHBA-MP-MP-BP

Molecular
Formulae
C31H24O12
C31H24O12
C32H26O12
C32H26O12
C33H28O12
C33H28O12
C34H30O12
C34H30O12

589.1346
589.1346
603.1503
603.1503
617.1659
617.1659
631.1816
631.1816

589.1322
589.1322
603.1479
603.1479
617.1668
617.1668
631.1765
631.1765

-4.1
-4.1
-4.0
-4.0
1.5
1.5
-8.1
-8.1

MP-MP-MP-PP
PHBA-PHBA-PP-BP
PHBA-MP-PP-PP
MP-MP-MP-BP
PHBA-PHBA-BP-BP
MP-MP-PP-PP
PHBA-MP-PP-BP
PHBA-PP-PP-BP
MP-MP-BP-BP

C34H30O12
C35H32O12
C35H32O12
C35H32O12
C36H34O12
C36H34O12
C36H34O12
C38H38O12
C38H38O12

631.1816
645.1972
645.1972
645.1972
659.2129
659.2129
659.2129
687.2442
687.2442

631.1765
645.193
645.193
645.193
659.208
659.208
659.208
687.2373
687.2373

-8.1
-6.5
-6.5
-6.5
-7.4
-7.4
-7.4
-10.0
-10.0

MP-PP-PP-PP
PHBA-PP-BP-BP
MP-PP-PP-BP

C38H38O12
C39H40O12
C39H40O12

687.2442
701.2598
701.2598

687.2373
701.2538
701.2538

-10.0
-8.6
-8.6

Combinations

Among the twenty, eight isomers comprised of two or more isomers differing only in the
distribution of carbons in their acyloxy groups, hereafter dubbed acyloxy carbon count
isomers. For example, a tetramer with an acyloxy carbon count of 4 could be comprised of
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PHBA-PHBA-PHBA-BP, MP-MP-MP-MP-MP and/or PHBA-PHBA-MP-PP. Detected
tetramers from mix-5 precipitate are presented in the following detailed mass spectra on
Figures 4-125 to 132. Tentative structures are shown in Figure 4-133.
Figure 4-125 shows a protonated tetramer peak at m/z 589.1322, corresponding to parent
molecular formula C31H24O12. A plausible structure is shown in Figure 4-133 (a) the
tetramer PHBA-PHBA-PHBA-PP (or its acyloxy carbon-count isomer, PHBA-MP-MPMP which is not drawn). The oligomerization of three monomers of PHBA in the former
is thought to be facilitated through PP, which may act as a bridge to connect PHBA
residues, since only a dimer of this compound was found in the single-compound study,
for which explanations were made earlier. This illustrates the enhanced removal effect on
compounds in a mixture treatment process over

ASAP(+) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYMix5ppt, MP/PP/BP/Ace
JA_ASAP190912_BYMix5ppt_002 287 (2.661) AM2 (Ar,15000.0,556.28,0.00,LS 10); ABS; Cm (282:287-45:50)
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Fig.4-125 ASAP(+) mass spectrum of mix-5 precipitate under optimized conditions
showing a tetramer (matching PHBA-PHBA-PHBA-PP and PHBA-MP-MP-MP)

single-compound treatment, as previously reported (Xiang et al. 2020, Pylypchuk et al.
2018). The peak may as well be only for the latter tetramer since tetramers of MP were
observed in the single-compound study. Therefore, all reported structural formulae are
plausible predictions based on the monomer residues accounting for the m/z peaks
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obtained. Other isomeric patterns, regioselective variances are bound to be obtained other
than the tentative structures reported for all the oligomers.
Figure 4-126 shows a protonated m/z peak at 603.1479, matching the parent PHBA-PHBAPHBA-BP (and/or PHBA-PHBA-MP-PP and/or MP-MP-MP-MP) formula C32H26O12,
structure Figure 4-133 (b).

ASAP(+) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYMix5ppt, MP/PP/BP
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Fig.4-126 ASAP(+) mass spectrum of mix-5 precipitate under optimized conditions
showing a tetramer matching PHBA-PHBA-PHBA-BP and acyloxy carbon count
isomers

Figure 4-127 shows a protonated m/z peak at 617.1668, matching the parent PHBAPHBA-MP-BP (and/or PHBA-MP-MP-PP) formula C33H28O12, structure Figure 4-133
(c).
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ASAP(+) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYMix5ppt, MP/PP/B
JA_ASAP190912_BYMix5ppt_002 287 (2.661) AM2 (Ar,15000.0,556.28,0.00,LS 10); ABS; Cm (282:287-45:50)
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Fig.4-127 ASAP(+) mass spectrum of mix-5 precipitate under optimized conditions
showing a tetramer matching PHBA-PHBA-MP-BP and PHBA-MP-MP-PP PHBAPHBA-MP-BP (and/or PHBA-MP-MP-PP)
Figure 4-128 shows m/z peak at 631.1765, matching with the parent PHBA-PHBA-PPPP (and/or PHBA-MP-MP-BP and/or MP-MP-MP-PP) formula C34H30O12, structure

ASAP(+) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYMix5ppt, MP/PP/B
JA_ASAP190912_BYMix5ppt_002 287 (2.661) AM2 (Ar,15000.0,556.28,0.00,LS 10); ABS; Cm (282:287-45:50)
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Fig. 4-128 ASAP(+) mass spectrum of mix-5 precipitate under optimized conditions
showing tetramer matching to PHBA-PHBA-PP-PP and other acyloxy carbon count
isomers
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Figure 4-133 (d). Similarly, a tetramer m/z peak at 645.1930 (Figure 4-129) matching the
parent PHBA-PHBA-PP-BP (and/or PHBA-MP-PP-PP and/or MP-MP-MP-BP)
molecular formula C35H32O12, structure Figure 4-133 (e).

ASAP(+) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYMix5ppt, MP/PP/B
JA_ASAP190912_BYMix5ppt_002 287 (2.661) AM2 (Ar,15000.0,556.28,0.00,LS 10); ABS; Cm (282:287-45:50)
645.1930
1.32e5

641.1990

!
643.1880

%

639.1904

653.2059
642.2090
640.1962

!
644.1901

646.1973

654.2109
651.5338

647.5258

0

m/z
640

642

644

646

648

650

652

654

Fig.4-129 ASAP(+) mass spectrum of mix-5 precipitate under optimized conditions
showing a tetramer of PHBA-PHBA-PP-BP and other acyloxy carbon count isomers

Figure 4-130 shows m/z peak at 659.2080, corresponding to the protonated

ASAP(+) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYMix5ppt, MP/PP/BP/
JA_ASAP190912_BYMix5ppt_002 287 (2.661) AM2 (Ar,15000.0,556.28,0.00,LS 10); ABS; Cm (282:287-45:50)
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Fig. 4-130 ASAP(+) mass spectrum of mix-5 precipitate under optimized conditions
showing a tetramer of PHBA-PHBA-BP-BP and other acyloxy carbon count isomers
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molecular formula C36H34O12, matching the parent PHBA-PHBA-BP-BP (and/or PHBAMP-PP-BP and/or MP-MP-PP-PP), structure Figure 4-133 (f). Likewise, m/z peak at
687.2373 (Figure 4-131) matching the parent PHBA-PP-PP-BP, (and/or MP-MP-BP-BP,
and/or MP-PP-PP-PP) formula C38H38O12, structure Figure 4-133 (g).

ASAP(+) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYMix5ppt, MP/PP/BP
JA_ASAP190912_BYMix5ppt_002 287 (2.661) AM2 (Ar,15000.0,556.28,0.00,LS 10); ABS; Cm (282:287-45:50)
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Fig. 4-131 ASAP(+) mass spectrum of mix-5 precipitate under optimized conditions
showing a tetramer of PHBA-PP-PP-BP and acyloxy carbon count isomers

Figure 4-132 shows a protonated tetramer peak at m/z 701.2538, matching the parent
PHBA-PP-PP-BP and/or MP-PP-PP-BP, formula C39H40O12, structure Figure 4-133 (h).

ASAP(+) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYMix5ppt, MP/PP/B
JA_ASAP190912_BYMix5ppt_002 287 (2.661) AM2 (Ar,15000.0,556.28,0.00,LS 10); ABS; Cm (282:287-45:50)
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Fig. 4-132 ASAP(+) mass spectrum of mix-5 precipitate under optimized conditions
showing a tetramer matching MP-PP-PP-BP and/or PHBA-PP-BP-BP
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Proposed structures for these tetramers are presented (Figure 4-133), again, it shows the
comprising monomeric units, without any isomeric or regioselective considerations.

Fig.4-133. Proposed structural formulae for plausible tetramers combinations (but not
permutations) of mix-5 under optimized conditions (other regioisomers and acyloxy
carbon-count isomers are possible)
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4.8.4 Pentamers from mix-5 precipitate
Combination patterns predicted 140 possible pentamers to be formed. Acetaminophen
cross coupled oligomers, accounting for 75 pentamers could not detected under the reaction
conditions. Considering the 10-ppm error margin, several other pentamers were filtered
out. Yet other combinations comprising those constituting 4 residues of PHBA and BP
were also not detected. This may be in respect to the poor oligomerization tendency of
PHBA earlier mentioned. The high Kow of BP and reduction in organic reaction volume
content from 5% (v/v) in single-compound studies to 1.75% (v/v) in the mixture studies,
could also contribute to reducing the extent of oligomerization achieved with these
compounds (Ryu and Dordick 1992). Thus, 31 pentamers were identified. Among these,
10 distinct m/z values could be observed. Each of these comprised of two or more acyloxy
carbon-count isomers. A summary of the identified pentamers from mix-5 treatment under
optimized conditions is presented (Table 4-15). The detailed mass spectra are shown in
Figures 4-134 to 4-143, putative structures are shown in Figure 4-144.
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Table 4-15 Pentamers detected from mix-5 precipitate under optimized conditions using
ASAP(+) ionization mode

PHBA-PHBA-MP-MP-BP
PHBA-MP-MP-MP-PP
PHBA-PHBA-MP-PP-PP
PHBA-MP-MP-MP-BP
MP-MP-MP-MP-PP
PHBA-PHBA-MP-PP-BP

Molecular
formula
C41H34O15
C41H34O15
C42H36O15
C42H36O15
C42H36O15
C43H38O15

MP-MP-MP-MP-BP
PHBA-MP-MP-PP-PP

C43H38O15
C43H38O15

PHBA-PHBA-MP-BP-BP
PHBA-PHBA-PP-PP-PP
MP-MP-MP-PP-PP
PHBA-MP-MP-PP-BP
PHBA-MP-MP-BP-BP
PHBA-PHBA-PP-PP-BP
PHBA-MP-PP-PP-PP
PHBA-PHBA-PP-BP-BP

C44H40O15
C44H40O15
C44H40O15
C44H40O15
C45H42O15
C45H42O15
C45H42O15
C46H44O15

PHBA-MP-PP-PP-BP
MP-MP-MP-BP-BP
MP-MP-PP-PP-PP
PHBA-PHBA-BP-BP-BP
PHBA-MP-PP-BP-BP
PHBA-PP-PP-PP-PP
PHBA-PP-PP-PP-BP
MP-MP-PP-BP-BP
MP-PP-PP-PP-PP

C46H44O15
C46H44O15
C46H44O15
C47H46O15
C47H46O15
C47H46O15
C48H48O15
C48H48O15
C48H48O15

837.2758
837.2758
837.2758
837.2758
851.2915
851.2915
851.2915
865.3071
865.3071
865.3071

PHBA-PP-PP-BP-BP
MP-MP-BP-BP-BP
MP-PP-PP-PP-BP
PHBA-PP-BP-BP-BP
MP-PP-PP-BP-BP
PP-PP-PP-PP-PP

C49H50O15
C49H50O15
C49H50O15
C50H52O15
C50H52O15
C50H52O15

879.3228
879.3228
879.3228
893.3384
893.3384
893.3384

Combination
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M+theo

M+expt

ppm

767.1976
767.1976
781.2132
781.2132
781.2132
795.2289

767.1926
767.1926
781.2095
781.2095
781.2095
795.2281

-6.5
-6.5
-4.7
-4.7
-4.7
-1.0

795.2289
795.2289
809.2445
809.2445
809.2445
809.2445
823.2602
823.2602
823.2602

795.2281
795.2281
809.2417
809.2417
809.2417
809.2417
823.2532
823.2532
823.2532

-1.0
-1.0
-3.5
-3.5
-3.5
-3.5
-8.5
-8.5
-8.5

837.2688
837.2688
837.2688
837.2688
851.2852
851.2852
851.2852
865.2997
865.2997
865.2997

-8.4
-8.4
-8.4
-8.4
-7.4
-7.4
-7.4
-8.6
-8.6
-8.6

879.3143
879.3143
879.3143
893.3300
893.3300
893.3300

-9.7
-9.7
-9.7
-9.4
-9.4
-9.4

Figure 4-134 shows protonated m/z peak at 767.1926 matching the parent PHBA-PHBAMP-MP-BP and/or PHBA-MP-MP-MP-PP, formula C41H34O15, structure Figure 4-144
(a).

ASAP(+) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYMix5ppt, MP/PP
JA_ASAP190912_BYMix5ppt_002 287 (2.661) AM2 (Ar,15000.0,556.28,0.00,LS 10); ABS; Cm (282:287-45:50)
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Fig. 4-134 ASAP(+) mass spectrum of mix-5 precipitate under optimized conditions
showing a pentamer matching PHBA-PHBA-MP-MP-BP and/or PHBA-MP-MP-MP-PP
Figure 4-135 show m/z peak 781.2095 matching the parent PHBA-PHBA-MP-

ASAP(+) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYMix5ppt, MP/PP
JA_ASAP190912_BYMix5ppt_002 287 (2.661) AM2 (Ar,15000.0,556.28,0.00,LS 10); ABS; Cm (282:287-45:50)
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Fig. 4-135 ASAP(+) mass spectrum of mix-5 precipitate under optimized conditions
showing a pentamer of PHBA-PHBA-MP-PP-PP and other acyloxy carbon-count
isomers
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PP-PP (and/or PHBA-MP-MP-MP-BP and/or MP-MP-MP-MP-PP) formula C42H36O15,
structure Figure 4-144 (b). Likewise, Figure 4-136 shows a m/z peak at 795.2281,
matching the parent PHBA-PHBA-MP-PP-BP (and/or PHBA-MP-MP-PP-PP and/or
MP-MP-MP-MP-BP), formula C43H38O15, structure Figure 4-144 (c).

ASAP(+) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYMix5ppt, MP/PP/BP/A
JA_ASAP190912_BYMix5ppt_002 287 (2.661) AM2 (Ar,15000.0,556.28,0.00,LS 10); ABS; Cm (282:287-45:50)
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Fig. 4-136 ASAP(+) mass spectrum of mix-5 precipitate under optimized conditions
showing a pentamer matching PHBA-PHBA-MP-PP-BP and other acyloxy carbon-count
isomers

Figure 4-137 presents m/z peak at 809.2417 corresponding to formula C44H40O15, for
parent PHBA-PHBA-MP-BP-BP (and/or PHBA-PHBA-PP-PP-PP and/or PHBA-MPMP-PP-BP and/or MP-MP-MP-PP-PP), structure Figure 4-144 (d).
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ASAP(+) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYMix5ppt, MP/PP/BP/Ace
JA_ASAP190912_BYMix5ppt_002 287 (2.661) AM2 (Ar,15000.0,556.28,0.00,LS 10); ABS; Cm (282:287-45:50)
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Fig. 4-137 ASAP(+) mass spectrum of mix-5 precipitate under optimized conditions
showing a pentamer of PHBA-PHBA-PP-PP-PP and other acyloxy carbon-count isomers
Figure 4-138 shows protonated m/z peak at 823.2532 like the parent PHBA-

ASAP(+) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYMix5ppt, MP/PP/BP/Acet
JA_ASAP190912_BYMix5ppt_002 287 (2.661) AM2 (Ar,15000.0,556.28,0.00,LS 10); ABS; Cm (282:287-45:50)
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Fig. 4-138 ASAP(+) mass spectrum of mix-5 precipitate under optimized conditions
showing a pentamer of PHBA-PHBA-PP-PP-BP and other acyloxy carbon-count isomers

PHBA-PP-PP-BP (and/or PHBA-MP-MP-BP-BP and/or PHBA-MP-PP-PP-PP), formula
C45H42O15, structure Figure 4-144 (e). Similarly, m/z peak 837.2688 (Figure 4-139)
agrees with the formula C46H44O15 for parent PHBA-PHBA-PP-BP-BP (and/or PHBA-
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MP-PP-PP-BP and/or MP-MP-MP-BP-BP and/or MP-MP-PP-PP-PP), structure Figure 4144 (f).

ASAP(+) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYMix5ppt, MP/PP
JA_ASAP190912_BYMix5ppt_002 287 (2.661) AM2 (Ar,15000.0,556.28,0.00,LS 10); ABS; Cm (282:287-45:50)
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Fig. 4-139 ASAP(+) mass spectrum of mix-5 precipitate under optimized conditions
showing a pentamer matching PHBA-PHBA-PP-BP-BP and other acyloxy carbon-count
isomers

Figure 4-140 shows protonated pentamer with m/z peak at 851.2852, for parent

ASAP(+) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYMix5ppt, MP/PP/B
JA_ASAP190912_BYMix5ppt_002 287 (2.661) AM2 (Ar,15000.0,556.28,0.00,LS 10); ABS; Cm (282:287-45:50)
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Fig.4-140 ASAP(+) mass spectrum of mix-5 precipitate under optimized conditions
showing pentamer matching PHBA-PHBA-BP-BP-BP and other acyloxy carbon-count
isomers
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PHBA-PHBA-BP-BP-BP (and/or PHBA-MP-PP-BP-BP and/or PHBA-PP-PP-PP-PP)
formula C47H46O15, structure Figure 4-144 (g). Similarly, Figure 5-141 Shows m/z peak at
865.2997 having a molecular formula C48H48O15, corresponding to parent PHBA-PP-PPPP-BP (and/or MP-MP-PP-BP-BP and/or MP-PP-PP-PP-PP) structure Figure 4-144 (h).

ASAP(+) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYMix5ppt, MP/PP/BP/Ac
JA_ASAP190912_BYMix5ppt_002 287 (2.661) AM2 (Ar,15000.0,556.28,0.00,LS 10); ABS; Cm (282:287-45:50)
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Fig. 4-141 ASAP(+) mass spectrum of mix-5 precipitate under optimized conditions
showing a pentamer of PHBA-PP-PP-PP-BP and other acyloxy carbon-count isomers

ASAP(+) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYMix5ppt, MP/PP/BP/A
JA_ASAP190912_BYMix5ppt_002 287 (2.661) AM2 (Ar,15000.0,556.28,0.00,LS 10); ABS; Cm (282:287-45:50)
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Fig. 4-142 ASAP(+) mass spectrum of mix-5 precipitate under optimized conditions
showing a pentamer of PHBA-PP-PP-BP-BP and other acyloxy carbon-count isomers.
PHBA-PP-PP-BP-BP (and/or MP-MP-BP-BP-BP and/or MP-PP-PP-PP-BP), structure
Figure 4-144 (1). Similarly, Figure 4-143 show m/z peak at 893.3300 corresponding to
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parent pentamer PHBA-PP-BP-BP-BP (and/or MP-PP-PP-BP-BP and/or PP-PP-PP-PPPP), formula C50H52O15, structure Figure 4-144 (j).

ASAP(+) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYMix5ppt, MP/PP/BP/A
JA_ASAP190912_BYMix5ppt_002 287 (2.661) AM2 (Ar,15000.0,556.28,0.00,LS 10); ABS; Cm (282:287-45:50)
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Fig. 4-143 ASAP(+) mass spectrum of mix-5 precipitate under optimized conditions
showing a pentamer of PHBA-PP-BP-BP-BP and other acyloxy carbon-count isomers

Figure 149 represents plausible structural formulae of the pentamers earlier mentioned.
While the structures are derived from the combinations generated, other regioisomers and
carbon-count isomers may possibly be found on closer structural analysis.
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Fig. 4-144 Proposed structural formulae for plausible pentamer combinations (but not
permutations) of mix-5 under optimized conditions (other regioisomers are possible)
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CHAPTER FIVE
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

5.0 Summary
Soybean peroxidase-catalyzed oligomerization of selected CECs commonly occurring in
the environment and in wastewater effluents was investigated. The selected CECs
comprised a pharmaceutically active ingredient, preservatives and their common
degradation intermediate. The optimal conditions required to achieve ≥95% substrate
removal were optimized. Since CECs as natural environmental pollutants do not occur
mutually exclusive of other contaminants, a mixture treatment approach is necessary to
simulate near-environmental reality conditions in the laboratory setting. Therefore, these
compounds were mixed together and studied (mix-5) under similar conditions and targets
as the single-compound treatment. The findings are summarized hereunder:
1. Optimal pH for the removal of acetaminophen was at pH 8.0, but it demonstrated a wide
effective pH range 6.5-8.5, with steeper decline on the basic side than on the acidic side.
The other compounds showed optimal pH at 6.5. All compounds showed optimal pH below
their respective hydroxyl-pKa values. The SBP activity used with mix-5 showed
acetaminophen removal to below the quantification limits at all the tested pHs between 3.6
and 10.0. All the other compounds showed >95% removal in the mixture at pH 6.5. At all
the pH tested, removal was in the order of Acet>>PHBA>BP>PP>MP. However, under
stringent SBP conditions, the removal order was changed to Acet>>BP>PP>PHBA>MP
with diminishing removal efficiency from acidic to basic pH.
2. For 1.0 mM substrates, acetaminophen showed optimal SBP requirement of 0.006 U/mL,
which was 380 times less than MP, with the highest optimal SBP requirement of 2.3 U/mL.
The SBP requirement was in the order of Acet<<PP=BP<PHBA<MP. Under optimized
SBP conditions, removal of compounds (0.2 mM each) in mix-5 was in the order of
Acet>>PHBA>BP>PP>MP
3. For 1.0 mM substrate, the required peroxide was highest in PHBA at 2.0 mM and least for
PP and BP at 1.15 mM. Required peroxide to substrate ratio was in the increasing order of
PP=BP<Acet<MP<PHBA.
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4. Under the optimized conditions, removal efficiency was highest with Acet and least with
MP, following the decreasing order of Acet>PP>BP=PHBA>MP with a difference of 3.7%
between the highest and least removed compounds. The removal of Acet and PHBA were
above the target 95%, while MP was less removed than it was in the single-compound
study.
5. In all cases where 95% compound removal was not achieved, incremental addition of
optimized peroxide doses in four aliquots (to same cumulative [peroxide]) improved the
removal of the CECs both in single-compound studies and in mix-5. For instance, under
single-compound treatment, MP removal improved from about 88% to 94%. Additions of
the optimized peroxide concentration in four aliquots at intervals corresponding to the halflife of BP, the compound with the longest half-life in single-compound studies, showed
improved removal to above 95% for all compounds. Specifically, MP the most recalcitrant
compound increased from 75% to about 95%
6. The removal of all compounds in the single-compound study followed pseudo-first-order
kinetics for the initial treatment period. Normalized rate constants for single-compound
and mix-5 treatments followed the order of Acet>>BP≈PP>PHBA≈MP and
Acet>>BP>PHBA>PP≈MP, respectively. Note that under both treatment conditions,
among the parabens, the order goes from the longest alkyl group paraben, BP, to the
shortest, MP.
7. Mass spectroscopy studies on the products were performed using an electrospray (+)
ionization technique for acetaminophen, atmospheric solids analysis probe in positive
ionization mode (ASAP(+)) for PHBA and mix-5, while ASAP(-) was used for the singlecompound studies for MP, PP and BP. The oligomerization of compounds in singlecompound studies showed higher oligomers observed in the precipitates than in the
supernatants, except for PHBA. Acetaminophen had oligomers to the pentamer stage while
only dimers of PHBA were detected in the supernatants. Highest observed oligomers of
other compounds included heptamers of MP, hexamers of PP and heptamers of BP and
their respective oxygenated derivatives.
8. Oligomers observed in mix-5 ranged from dimers to pentamers, including homo- and
hetero- coupled oligomers having a wide range of alkyloxy isomers. Interestingly, Acet
showed only the homodimer.
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9. Recovery of at least 80% was achieved using a SPE protocol developed and applied to
synthetic wastewater.

5.1 Conclusions
This study has provided empirical evidence of SBP-catalyzed oligomerization of phenolic
CECs – acetaminophen and selected parabens – for wastewater treatment. For the single
compounds, optimal pH was pH 6.5-8.0. SBP requirement varied between 0.006 U/mL and
2.3 U/mL, for the most and least-efficiently removed compounds; peroxide to compound
ratio varied between 1.15 and 2.0. Mix-5 reaction (containing 0.2 mM each) at pH 6.5,
optimized SBP activity of 1.43 U/mL and 1.56 mM of peroxide, could achieve ≥95%
removal of compounds provided with step-feeding of peroxide was carried out. Initial
reaction rates were pseudo-first-order except for the first 30 seconds of the mix-5 treatment
process for acetaminophen and BP, where more than 90% and 55%, respectively, were
removed. Mass spectroscopic investigations showed the highest oligomers observed were
dimers for PHBA, pentamers for acetaminophen, hexamers for PP and heptamers for MP
and BP. Mix-5 produced oligomers up to pentamers in the precipitate, comprised of crosscoupling and self-coupling of monomers. This illustrates that, under mixture conditions,
there is indiscriminate reaction of the aryl radicals generated from the peroxidase activity
of SBP. Expectedly, more hetero-oligomers were observed than homo-oligomers. Based
on the oligomers observed, reaction mechanisms for the five monomer self-couplings were
postulated. For practical applications, it is thought the optimal removal achieved could
provide an improvement in process cost.
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5.2 Recommendations for future studies
Based on the results obtained from this study and the discussions made, is suggested some
further research directions may improve on the results.
1. Experimental concentrations employed in this study were much higher than reported
environmental concentrations. It is important to study environmentally-relevant
concentrations – which will depend on the source being considered – to gain knowledge
into the removal efficiencies and also understand the effects of polyphenolic precipitates
formation on parameter requirements and enzyme inactivation.
2. The Michaelis-Menten kinetics for the individual and mix-5 reactions would provide
enzyme-substrate binding affinity data which may help improve process design and
optimization procedures.
3. The hypothetical treatment process has been effective for a mixture of 5 compounds
however, the real wastewater effluents will present myriad compounds posing different
removal dynamics. It is recommended further studies should employ real wastewater
effluents.
4. It is important for process design engineers to estimate the cost implication and feasibility
of incorporating a treatment chamber based on this technique before effluents are released.
This may be before disinfection or after disinfection.
5. Many of the oligomers formed are still soluble. For the full treatment scenario, it would be
important to investigate various means of causing their precipitation
6. It is important to ascertain the toxicity of any soluble oligomers using classical
toxicological assays to ensure the oligomers are not toxic. These may include acute and
chronic toxicity tests, and/or molecular toxicity studies
7. Classical chemical structure analytical techniques such as NMR, FTIR should be used to
determine the structural formulae of the oligomers formed, especially the alkyloxy isomers
to authenticate the monomeric units. This may especially be helpful for the isomers
showing up to three monomeric units of PHBA, which would clarify the role of the other
monomers in aiding its oligomerization under mixture conditions.
8. Pilot studies comparing CECs removal efficiency of this technique against other commonly
used AOP needs to be investigated to highlight comparative merits and demerits.
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9. Pilot studies need to be carried out using continuous-flow reactors to ascertain the
feasibility of transferring these lab-scale batch reactor experiments to prospective industrial
applications employing real wastewater effluents.
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APPENDICES
Appendix A: SBP Assay – reagents, procedure and SBP activity calculation
A colorimetric method was adapted to assay for SBP activity. The principle behind this is
the formation of a chromophore which absorbs UV light maximally at 510 nm, hence its
initial rate of formation is exploited for quantitative gains. One SBP activity unit is defined
as the amount of SBP consuming 1.0 µmol of hydrogen peroxide per minute under the
assay conditions. To avoid color development while standing, freshly prepared reagents
were used each time for the assay, and formulated as shown below:
1. 5.0 mL of 10x phenol reagent was prepared by mixing 0.9410 g (100 mM) of phenol,
1.3105 g and 3.7479 g of monobasic and dibasic sodium phosphate salts, respectively to
100 mL of water. This gives a 0.5 M, pH 7.4 phosphate buffer
2. 25 mg of 4-aminoantipyrene (4-AAP)
3. 100 µL of hydrogen peroxide (from a 30% stock of H2O2, 510 µL was measured out into
a 50 mL volumetric flask, mixed thoroughly and stored at 4°C while awaiting to be used).
4. These were made up to 50.0 mL.

Calculation of the SBP Activity
Given the molar absorptivity of the chromophore is 6000 M-1cm-1, (Ibrahim et al. 2001),
SBP sample activity (U/mL) = SBP activity observed in the cuvette*Absorbance
𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑖𝑛 𝑐𝑢𝑣𝑒𝑡𝑡𝑒 (

𝑈
)
𝑚𝐿

𝐴𝑢
60 𝑠
𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑟𝑎𝑡𝑒 ( 𝑠 ) ∗ (
) ∗ 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 𝑖𝑛 𝑐𝑢𝑣𝑒𝑡𝑡𝑒
1 min
=
6 𝑚𝑀−1 ∗ 𝑐𝑚−1
Since dilution factor in cuvette is =20, substituting in the equation above,
SBP activity in cuvette= initial rate * 200 (U/mL)
Activity of SBP sample = SBP activity* SBP dilution factor
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The observed chromophore is formed thus:

Fig. A-1: SBP catalyzed formation of quinoneimine chromophore from phenol and SBP

Procedure of SBP activity assay
Prepare fresh reagent and dilutions of SBP extract to have a dilution factor of 30, 40 and
50. All assays are performed in triplicate.
1. Set up the software to read enzyme kinetics assay
2. Blank the instrument at 510 nm by measuring 50 µL of water into a quartz cuvette set in
the cuvette holder. Quickly dispense 0.95 mL the reagent and wait for 30 seconds
3. Dry the cuvette and repeat (2) above, replacing water with dilute SBP solution
4. Monitor the progress line indicating color formation over time at 5 s intervals to 30 s at
which time the UV-Vis is programmed on auto stop.
5. Checks: carefully performed activity assay should show SBP activity within 5.0 U/mL of
each other, irrespective of the dilution factor. The intercept on the y axis should ideally be
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under 0.05. Activity below 0.1 U/mL should have higher sample volume used, such as in
residual SBP assays.
Note: The process is time-sensitive and is performed in a manner that minimizes time loss
between the addition of the reagent and the start of data collection.

Appendix B: Hydrogen peroxide assay
Residual hydrogen peroxide was determined by a colorimetric method, whose principle is
like that described in Appendix A. Thus in this protocol, the quinoneimine chromophore,
with maximal absorption at 510 nm is being formed from the radical generating activity of
ARP on the phenol present, which in turn diffuses into solution from the enzyme active
site and undergoes oxidative coupling non-enzymatically with 4-AAP. Different hydrogen
peroxide concentrations were used, in keeping to the highest linear limit of linearity (100
µmol) (Wu et al. 1998).
Reagent formulation
Target total volume: 20 mL
1. 10 mL of 10x phenol reagent formulated using 0.941 g, giving 100 mM of phenol in a 0.5
M phosphate buffer, pH 7.4 (monobasic sodium phosphate and dibasic sodium phosphate)
2. Approximately 0.51 g of 4-AAP
3. 250 µL of ARP concentrate stored at 4°C
4. Distilled water 20.0 mL
Analytical procedure:
To determine the residual hydrogen peroxide, a calibration curve was constructed, targeting
cuvette concentrations between 5 µmol and 100 µmol, in triplicate, from three freshly
prepared standard stock solutions (to account for any error arising from the gravimetric and
volumetric measurements). 100 µL or 200 µL of sample solution was measured into the
quartz cuvette and fixed in the cuvette holder, to which an appropriate volume of water
was added to be complemented by 200 µL of reagent, giving a total volume of 1000 µL.
For the blank, the sample volume was replaced with water.
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1. Set up software to read absorbance at fixed wavelength of 510 nm.
2. Blank the UV-Vis spectrophotometer with the reagent blank
3. Insert the quartz cuvette into the cuvette holder and add to it already pre-incubated reaction
mixture
4. Read absorbance after 18 minutes
The mean and standard deviations of the triplicate readings at each concentration were
determined and the data plotted in a calibration curve as shown in Figure A-2.
0.6
y = 5.2886x + 0.0018
R² = 0.9998

Abs units

0.5
0.4
0.3
0.2
0.1
0
0

0.02

0.04

0.06

0.08

0.1

0.12

Concentration (mM)

Fig. B-1 Calibration Curve for Hydrogen Peroxide

For residual hydrogen peroxide determination following 3 h oligomerization reactions, the
sample size was varied until a substantial absorbance reading within the range of the
calibration curve was obtained and used. Peroxide analysis for batch reactor samples were
accompanied with a no-peroxide blank to serve as the UV-Vis blank at 510 nm, before
sample readings were done.
Determination of actual concentration
Since cuvette concentrations were determined here, actual sample concentration was
calculated thus:
𝑠𝑎𝑚𝑝𝑙𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑚𝑚𝑜𝑙)
= 𝐶𝑢𝑣𝑒𝑡𝑡𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑚𝑚𝑜𝑙) ∗ 𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟
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Where cuvette sample concentration was derived by calculation from the equation of the
calibration curve.

Appendix C HPLC calibration curves for single-compound analysis
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Fig. C-1 Calibration curve for acetaminophen for single-compound analysis
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Fig. C-2 Calibration curve for PHBA for single-compound analysis
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Fig. C-3 Calibration curve of MP for single-compound analysis
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Fig. C-4 Calibration curve of PP for single-compound analysis
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Fig. C-5 Calibration curve of BP for single-compound analysis
Table C-1 Summary of analytical parameters for single-compound analysis of studied
CECs
CEC

Analytical
wavelengt
h (nm)

Ext. coef.
(M-1 cm-1)

Intercept

r2

(x103)

tR
(min.)

LOD
(mM)

LOQ
(mM)

(x103)

Acet

247

6400±8

2.80±1.7 0.9999

4.56

0.001

0.003

PHBA

255

8200±3

24.6±13

0.9999

3.78

0.005

0.016

MP

270

5400±10

2.60±2.6 0.9999

3.96

0.002

0.005

PP

270

5300±14

4.60±3.7 0.9999

3.35

0.002

0.007

BP

270

5500±13

3.60±3.2 0.9999

4.34

0.002

0.006
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Appendix D: HPLC Calibration curves for compounds analysis in mix-5
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Fig. D-1 Calibration curve of Acet in mix-5
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Fig. D-2 Calibration curve of PHBA in mix-5

248

0.12

0.14

0.16

1200000
y = 7E+06x + 2309.3
R² = 0.9994

1000000

Area units

800000
600000
400000
200000
0
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

Concn (mM)

Fig. D-3 Calibration curve of MP in mix-5
y = 7E+06x - 44.793
R² = 0.9999
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Fig. D-4 Calibration curve of PP in mix-5

249

0.1

0.12

0.14

0.16

1200000
y = 7E+06x + 1445.3
R² = 0.9997

1000000

Area units

800000

600000

400000

200000

0
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

Concn (mM)

Fig. D-5 Calibration curve of BP in mix-5

Table D-1 Summary of retention times and calibration curves’ properties of CECs in
mix-5 at 247 nm
Ext. coef.

CEC
Acet.
PHBA
MP
PP
BP

(M-1 cm-1)
(x103)
6514±43
6819±35
6834±56
7307±16
7193±44

Intercept
1200±2595
1574±2118
2309±3433
137±9610
1445±2684

r2
value
0.9996
0.9998
0.9994
0.9999
0.9997
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Concn
tR
Range
(µmol) (min)
2.63
0.5 -150
0.5 - 150 4.06
0.2 - 150 7.37
0.2 - 150 10.1
0.2 - 150 11.4

LOD
(mM)

LOQ
(mM)

0.001
0.001
0.002
0.001
0.001

0.004
0.003
0.005
0.002
0.004

Appendix E Effects of varying SBP and peroxide on compounds removal in mix-5
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Fig. E-1 Effect of Varying amount of SBP and H2O2 concentrations on removal of
contaminants. Conditions: 0.2 mM each of the compounds, 40 mM pH 6.5 phosphate
buffer incubated for 3 h at the respective concentrations of H2O2 and SBP
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Fig. E-2 Effect of Varying amount of SBP and H2O2 concentrations on removal of
contaminants. Conditions: 0.2 mM each of the compounds, 40 mM pH 6.5 phosphate
buffer incubated for 5 h at the respective concentrations of H2O2 and SBP
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Appendix F: ASAP(-) mass spectra of MP, PP and BP detected in supernatants of
single-compound SBP treatments

ASAP(-) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYMP
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Fig. F-1 ASAP(-) mass spectrum of MP supernatant showing dimer and oxygenated
dimer at m/z 301.0709 and 316.0581

ASAP(-) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYMPstd, C
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Fig. F-2 ASAP(-) mass spectrum of MP supernatant showing trimer and oxygenated
trimer at m/z 451.1015 and 466.0906, respectively
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ASAP(-) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYMPstd
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Fig. F-3 ASAP(-) mass spectrum of MP supernatant showing tetramer and oxygenated
tetramer at m/z 601.1305 and 616.1213, respectively

ASAP(-) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BY
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Fig. F-4 ASAP(-) mass spectrum of MP supernatant showing pentamer and oxygenated
pentamer at m/z = 751.1653 and 766.1547, respectively
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ASAP(-) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BY
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Fig. F-5 ASAP(-) mass spectrum of MP supernatant showing hexamer and oxygenated
hexamer at m/z = 901.1934 and 916.1736, respectively

ASAP(-) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYPPsol,
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Fig. F-6 ASAP(-) mass spectrum of PP supernatant showing dimer at m/z 357.1337
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ASAP(-) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYPPsol,
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Fig. F-7 ASAP(-) mass spectrum of PP supernatant showing trimer and oxygenated
trimer at m/z 535.1945 and 550.1836, respectively

ASAP(-) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYPPsol, C
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Fig. F-8 ASAP(-) mass spectrum of PP supernatant showing tetramer and oxygenated
tetramer at m/z 713.2529 and 728.2468, respectively
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ASAP(-) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYBPsol, rxn sol'n
JA_ASAPneg190909_BYBPsol_004 281 (2.743) AM2 (Ar,22000.0,554.26,0.00,LS 10); Cm (276:286-41:51)
400.1523
2.95e5

%

385.1649

401.1575
!
398.1725
386.1691

384.1570
!
383.1492

369.1701
372.1576

!
398.1349

402.1629

387.1752

0
360

365

370

375

380

385

390

395

m/z
405

400

Fig. F-9 ASAP(-) mass spectrum of BP supernatant showing dimer and oxygenated
dimer at m/z=385.1649 and 400.1523, respectively

ASAP(-) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYBPsol, rxn so
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Fig. F-10 ASAP(-) mass spectrum of BP supernatant under optimized conditions
showing trimer and oxygenated trimer at m/z 577.2422 and 592.2307, respectively
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ASAP(-) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYBPsol, rx
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Fig. F-11 ASAP(-) mass spectrum of BP supernatant under optimized conditions showing
tetramer and oxygenated tetramer at 769.3177 and 784.3090, respectively

ASAP(-) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYBPsol, rxn so
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Fig. F-12 ASAP(-) mass spectrum of BP supernatant under optimized conditions
showing pentamer and oxygenated pentamer at 961.3971 and 976.3868, respectively
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ASAP(-) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYBPsol, rxn sol'n super
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Fig. F-13 ASAP(-) mass spectrum of BP supernatant under optimized conditions
showing hexamer and oxygenated hexamer at 1153.4775 and 1168.4646, respectively

ASAP(-) sen mode MS, lockspray, Probe T=300oC, source 100oC, t=0 IPwCap, BYBPsol, rxn
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Fig. F-14 ASAP(-) mass spectrum of BP supernatant under optimized conditions showing
heptamer at m/z = 1345.5577
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Appendix G: SPE Experiments – preamble for real wastewater treatment
One of the objectives of the study was to attempt the application of synthetic wastewaterderived optimized parameters to real wastewater. However, the onset of Covid-19 and
related remote working mode necessitated a stop to this objective. Before the University
closure, a SPE protocol was developed (Appendix G) and applied to the extraction of the
target compounds. This showed recoveries between of 74±2 and 88±0.3% for PHBA and
BP, respectively. The protocol shows prospects for application to a real wastewater
scenario. It is hoped, this effort may be continued by a curious mind.

Appendix H: SPE protocol and recoveries
SPE protocol
A SPE protocol previously developed within the group was used modified as presented
below:
-

-

Introduce a SPE cartridge (Hydrophilic-lipophilic balance, HLB cartridges were used for
this study) onto the vacuum manifold, and close tight any opening not holding a cartridge
Preconditioning
Precondition the cartridge with 10 ml ACN and 5 ml methanol/distilled water (1:1)
Equilibration

-

Equilibrate the cartridge with 10 ml distilled water
Loading

-

Wait for 15 minutes under vacuum and pass the water sample through the cartridge at a
flow rate between 3 and 6 ml/min using a vacuum manifold. Ensure the flow does not cease
through the extraction time
Washing

-

Wash the cartridge with 5 mL distilled water (0.01 M HCl) and then with 5 ml
methanol/distilled water (0.01 M HCl) (5:95)
Use air to expel the liquid and dry the cartridge under vacuum for 30 minutes.
Elution

-

Elute the cartridge with 20 ml ACN in four aliquots of 5 mL each
Evaporation
Evaporate all ACN from the sample by passing a gentle stream of nitrogen with sample
immersed in water bath heated to between 30˚C and 40˚C
Once the ACN is evaporated, dissolve compounds with 1 mL of ACN
Following the above protocol, compounds recovery in mix-5 with synthetic wastewater
initially containing 40 µM of each compound was determined.
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Table G-1 Recovery of compounds in mix-5 following SPE
% (v/v)
organic
solvent
wash

Acet

PHBA

MP

PP

BP

%
STD %
STD %
STD %
STD %
STD
recovery
recovery
recovery
recovery
recovery
5%
86.7
0.1
74
2.0
80.7
0.7
85
3
87.7 0.30
30%
14.8
1.3
69.5
0.4
81
5
86
5
88
2
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